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CHAPTER О 
GENERAL INTRODUCTION 
0.1. History of the project 
From the start of the Laboratory of Medical Physics and Biophysics in 
Nijmegen part of the research has been directed to peripheral circulation 
in man. During the last few decades this research has been performed in 
harmony with the Department of Dermatology. Much attention has been paid to 
the development and application of non invasive methods for a reliable 
quantification of various circulatory parameters in patients. Among such 
methods the strain gauge plethysmography has proven to be of great value. 
In the study done by Kuiper (1966), concerning the venous circulation in 
the leg, interest was focused on the volume distensibility of the 
extremities. This quantity, which can be determined plethysmographically, 
is the relationship between limb volume and venous pressure. One of the 
main purposes of the study by Wijn (1980) was to investigate the 
contribution of the skin elasticity to this volume distensibility or, to 
phrase it more populanly, to answer the question: 'does the skin act like 
an elastic stocking for the lower leg7'. 
Wijn developed a method for the quantification of the viscoelastic 
behaviour of the human skin in vivo. He studied skin properties for small 
deformations comparable to those in Plethysmographie experiments (strains 
of a few per cent). The techniques used were: uniaxial strain and torsion 
of a small area of skin of the calf. From those measurements the functional 
significance of the skin in counterbalancing the intra venous pressure 
rises was found to be negligible. Moreover it was found in a comparison of 
the results of torsion and uniaxial strain measurements that the 
viscoelastic behaviour of the skin cannot be described within the theory of 
homogeneous media. A theoretical model based on the fibre structure of skin 
could quantitatively relate both techniques. Wijn interpreted the 
mechanical properties of human skin for small deformations in terms of 
properties of elastin, which is, with collagen, an important skin component 
from a mechanical point of view. 
This study has been initiated, in order to investigate large skin 
deformations, and so complete the mechanical picture of the skin in vivo. 
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0.2 Purpose of the present investigation 
The purpose of the present study is threefold: 
1) to measure accurately and to quantify the properties of skin in vivo 
also for large deformations, 
2) to gain a better insight into the mechamcal properties of skin by 
comparing studies with small and large deformations, 
3) to try to correlate mechanical skin properties and limb distensibility. 
Some additional remarks can be made: 
ad 1. The inclusion of large deformations in the study of the mechanical 
properties of skin will provide information about the collagen in the 
skin (Barbenel et al., 1973). Such information is important in order 
to differentiate on the basis of experiments between collagen and 
elastin diseases, since in the pathology particular defects are 
attributed to elastin whereas others to collagen. Moreover, on the 
mechanical behaviour of hunan skin for large deformations mainly in 
vitro studies have been published (Kenedi et al., 1975). Quantitative 
data from in vivo studies are hardly known. 
ad 2. A start to gaining a better insight in the mechanical properties of 
the skin for small deformations was made by Jagtman (1983). In a 
clinical investigation he concentrated on the skin behaviour in 
particular pathologies, in which a prion abnormal elastic properties 
could be expected. From those measurements he concluded that not only 
elastin properties but also collagen properties play a role in the 
mechanical behaviour of skin for small deformations. 
ad 3. Although skin does not directly influence the distensibility, there 
are indications that both are (indirectly) related. Such a 
relationship would originate from a link between properties of the 
skin and of the venous vessel wall, the latter being the main 
determinant of the volume distensibility. Volume changes of the lower 
leg normally amount to a few per cent. They result from changes in 
the blood volume in the venous system, which roughly contributes 
about 5% of the total volume of the leg. Consequently the venous 
vessel wall may undergo deformations of 205« and more. Hence, in order 
to study the correlation between distensibility and skin behaviour, 
the latter also needs to be investigated for large deformations. 
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0.3 Outline of the thesis 
In chapter 1 a survey is presented of the morphology and physiology 
of the skin as far as they pertain to the mechanical properties. 
Chapter 2 presents a general survey of meaning and definitions of 
basic concepts and models as used in the field of the mechanical behaviour 
of soft tissues, with special attention to skin. 
In chapter 3 the uniaxial strain method, the signal analysis and 
processing, will be outlined in detail. 
In chapter 4 a specific mechanical model for the characterization of 
the skin properties is presented as well as considerations which have lead 
to its selection. 
Chapter 5 gives the results of uniaxial strain measurements. Normal 
values of the model parameters related to sex and age are determined. These 
values form a reference frame to which results of measurements in 
particular pathologies will be compared. Furthermore, the influence of the 
seasons on the elasticity of skin is considered and discussed. 
Chapter 6 concerns Plethysmographie measurements in healthy subjects 
and the correlation between volume distensibility and skin elasticity 
parameters. 
In the final chapter (7) the results of the strain measurements will 
be interpreted in terms of the components of the skin based on the 
mechanical model. Furthermore the result of the correlation between skin 
elasticity parameters and the volume distensibility of the lower leg will 
be discussed. Suggestions for further research are included. 

CHAPTER 1 
STRUCTURE AM) CQMOSITION OF THE SKIN 
1.1. Introduction 
In the medical and biophysical sciences one tries to determine skin 
properties by means of various, more or less specific, tests. In order to 
understand and interprete the test results it is important to have a clear 
view on the morphology of the skin. 
In this chapter a description of the components and the basic 
structure of the skin will be given, which will be restricted to those 
constituents which might play a role in the mechanical behaviour. First 
(section 1.2), the structure of the whole skin will be discussed. Next, the 
structure and properties of the principal components will be given (section 
1.3). Since our test results are obtained from experiments on skin of 
subjects of various ages, a knowledge of the effect of ageing on these 
components may be important too. In section 1.4 some of these ageing 
effects will be reviewed. 
1.2 The structure of the skin 
A comprehensive treatise on the structure and composition of the skin 
can be found in the textbook of Montagna and Parakkal (1974). In this 
section a short survey will be presented of the skin structure in relation 
to its mechanical properties. 
The skin has a stratified structure consisting of two main layers: an 
exterior cellular covering called the epidermis and beneath this, a dense 
connective tissue layer, the dermis (also called cutis or conum). A 
schematical drawing of a cross section of the skin is given in fig. 1.1. 
The thickness of each layer differs in different parts of the body. 
Normally the dermis is the thicker one by an order of magnitude, but in 
certain skin regions, such as the palm of the hand and the plantar surface 
of the foot, the epidermis has a greater thickness. In most body parts the 
total thickness amounts to 1-2 mm. Below the dermis there is the fatty 
layer, or panmculus adiposus, of variable thickness under which lies a 
discontinuous flat sheet of skeletal muscle, the panmculus carnosus, which 
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separates the rest of the body tissues from the integument. A bed of loose 
areolar tissue, or tela subcutanea, binds the skin to the fasciae of 
superficial skeletal muscles and bones and other connective tissue. 
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Fig. 1.1 
A schematical representation of a cross-section of the skin. 
Both the epidermis and the dermis are stratified in their own manner. 
The epidermis can be divided into an inner layer of viable cells (stratum 
Malphighn) and an outer layer of a-nucleated horny cells (stratum 
corneum). The stratum Malphighn is conventionally subdivided into a basal 
layer one cell deep (stratum basale), in contact with the dermis, a spinous 
layer of variable thickness above it (stratum spinosum) and a granular 
layer (stratum granulosum). The outer horny layer is composed of flattened 
cells. These are stacked in colums as are, to some degree, the cells of the 
whole epidermis. Adjacent columns of cells show a slight overlap in the 
horney layer so that each cell interdigitates with its neighbours. 
The structure at the junction between the epidermis and dermis 
constitutes an anatomic functional unit, the dermo-epidermal junction 
(Bnggaman et al., 1975). The dermal sides of the basal cells are lined by 
an interrupted basement membrane. At intervals along the dermo-epidermal 
junction specialisations of the basal cell membrane occur: the 
hemidesmosomes. At the intracellular side these hemidesmosomes are 
connected by tonofilaments which form with the intracellular desmosomes a 
fibrillar network throughout all the cells of the epidermis. At the 
extra-cellular side a hemidesmosome is connected to the basement membrane 
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by anchoring filaments. Along the dermal side of the basement membrane 
there is a thin band of anchoring fibrils which connect the basement 
membrane to the fibres in the dermis (Beerens, 1977). 
The dermis consists mainly of complex networks of the fibrous proteins 
collagen, elastin and reticulin embedded in an amorphous ground substance. 
This network is traversed by bloodvessels, nerves and lymphatics. Hairs and 
sweat-glands are only scarcely encountered. The dermis contains a few 
cells, which are predominantly fibroblasts with the potency to produce 
most, if not all, components of the dermal connective tissue. The dermis of 
human skin is usually subdivided into two structurally distinct layers: the 
papillary layer and the reticular layer. The papillary layer underlines the 
epidermis and forms about 10% of the full dermis thickness. It is composed 
of open networks of fine collagen fibres (Smith et al., 1982). Below this 
the reticular layer, composed of densely intertwined coarse collagen 
fibres, forms the main body of the dermis. In addition to this classical 
description, Craik and McNeil (1965) and Brown (1972) identified a third 
region, the upper part of the reticular layer: the mid-zone. The mid-zone 
was described as having a more compact arrangement of collagen fibres than 
the deep zone of the reticular layer. 
Under the light microscope the collagen fibres resemble an irregular 
meshwork, oriented roughly parallel to the epidermis (Finlay, 1969; Brown, 
1972). Characteristic of the collagen fibres in the skin is their wavy 
appeardnce. During stretch these originally undulated fibres unwind and 
orientate into the direction of stretch (Gibson et al., 1967; Finlay, 
1969). In a relaxed state the fibres are arranged in a multi-directional 
way. There are preferential directions of the fibres in the skin. Dupuytren 
(1Θ35) noticed that wounds in the skin made by round sharp awls were oblong 
instead of circular. Langer (1861) and subsequently Cox (1941) punctured 
the skin of a cadaver with a pointed instrument, circular in 
cross-section. They observed that the major axis of the resulting 
elliptical holes after puncture, formed a pattern: the so called "Langer's 
lines". Nowadays it is known that these lines indicate the preferential 
directions of the fibres in the skin (Gibson et al., 1969). These lines, 
however, give no indication of the degree of ellipticity (i.e. the ratio of 
major to minor axis), so that there are certain questionable areas, such as 
the chest, where the lines meet perpendicularly. Gibson et al. (1969) have 
shown (in vivo by straining, not puncturing) that in the chest these 
'ellipses' are almost circular, indicating a random fibre orientation. 
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1.3. The components of the dermis 
1.3.1. Introduction 
The principal components of the dermis for the mechanical behaviour 
are the fibrous proteins, collagen and elastin, and the amorphous ground 
substance. In this section the properties and structure of these components 
will be reviewed briefly. More detailed information can be found in the 
references given at the end of each subsection. 
1.3.2. Collagen 
Collagen is the major protein constituent of all vertebrate species. 
In man almost 77°ó of the fat free dry weight (FFDW) of the skin consists of 
these fibres (Weinstein et al., 1960). 
The basic 'building unit' is the tropocollagen molecule with a length 
of 280 nm and a diameter of 1.5 nm. It consists of three polypeptide 
chains. Each chain being a left handed super helix and all three twisted 
into a right handed super helix. Examination of the collagen molecule has 
shown that at least five different types exist (Oxlund, 1983). For the 
mechanical properties of skin only type I and type III are of interest. The 
most common is type I, in which two of the three popypeptide chains are 
chemically identical (Piez, 1968). Almost 90% of the dermal collagen fibres 
are of this type (Smith et al., 1982). Type I is also found in tendon and 
bone. Collagen type III consists of three identical chains. This type is 
found in the papillary layer and in the reticular layer surrounding vessels 
(Smith et al., 1982). 
The collagen molecules are aligned in a, by a quarter of their length, 
staggered arrangement, which results in a characteristic banding with a 
repeating period of 68 nm. They are held together by a variety of 
intermolecular bonds, the so called cross links (Vndik, 1979), and form 
the microfibrils (5 molecules parallel). The microfibrils are about 4 nm in 
diameter and of unknown length, but possibly in the order of millimeters 
(Wilkes et al., 1973). These microfibrils are then further associated to 
form cylindrical fibrils with diameters of 50-400 nm. The fibrils are 
assembled into fibres with diameters of 1-10 p.m. Probably the fibrils are 
held together by an interfibnllar groundsubstance. 
8 -2 
Collagen fibres have very high tensile strengths of about 5 χ 10 Nm" 
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(Harkness, 1961). This value is nuch lower than the stress required to 
break a molecular chain (Viidik, 1979). It is therefore justifiable to 
assume that the breaking of collagen occurs by failure of the lateral 
intermolecular bonds. It has also been shown that the tensile strength of 
collagen decreases when the intermolecular cross-linking is prevented 
(Viidik et al., 1976). Collagen fibres are very stiff too; Young's moduli 
of about 10 Nm are reported (Burton, 196Θ; Caro et al., 197В). 
The ultimate strain, i.e. the strain at rupture, of the collagen fibres 
vanes considerably between different investigations. For tendons, which 
consist of parallel arranged collagen fibres, strains in a range between 8S 
and 35% were reported (Viidik, 1979). Abrahams (1967) found that the onset 
of rupture occurs at strains of 5% to 6%. Translating these extensibilities 
of the tendons to collagen extensibility, it should be noted that the 
collagen fibrils, the load bearing elements of the fibre, have a planar 
waviness, which disappears upon stretch (Viidik and Ekholm, 1968; Diamant 
et al., 1972). The waviness of the fibrils (called 'crimp' in the 
terminology of Diamant) can be described by a wavelength λ and a crimp 
angle θ . The crimp angle denotes the maximum angle of the waveform 
with the fibre axis. In the tendon the crimp angle was found to be in the 
range 15° - 20° (Diamant et al., 1972). For the fibrils in the skin 
this value is larger (» 40 ) (See, Hunter et al., 1973). The wavelength 
of the collagen fibrils in the normal calf skin is around 3 μιιι (Gathercole 
et al., 1974). 
Highly purified type I collagen can be reconstituted into thin 
membranes, in which the fibrils have the same structural appearance as in 
natural tissues. Strips of such membranes are suitable for investigating 
the mechanical properties of collagen in isolated form (Oxlund et al., 
1980; Danielson, 1981). 
In the upper part of the dermis minute quantities of very fine 
argyrophilic fibres are present. In literature these fibres are referred to 
as reticulin fibres. The reticulin fibres show the same periodicity as the 
collagen fibres under an electron microscope. Nowadays it is known that 
reticulin consists basically of type III collagen. 
For more information on collagen the reader is referred to the 
textbooks: "Structure of Fibrous Biopolymers" ed. by Atkins and Keller 
(1974) and "Biology of Collagen" ed. by Viidik and Vuust (1980). 
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Ι.3.3. Elastin 
Elastin fibres, in literature sometimes referred to as elastic fibres, 
constitute only 4% of the dermal proteins in adults (Weinstein et al., 
1960). Yet they form a surprisingly extensive network in the skin (Tsuji et 
al., 1979). The elastin fibres have two components: a core of elastin which 
constitutes as much as 90л of the fibre and a non-elastin microfibrillar 
cortex (Ross, 1973). The elastin protein has rubberlike properties. The 
microfibrils are 10-12 nm tubular appearing structures, which play no role 
in the mechanical behaviour (Smith et al., 1982). 
The elastin fibres are rather thin: diameters of 0.5 to 3 μιπ (Schmidt 
5 -2 
et al., 1968). They have a low coefficient of elasticity, about 3 χ 10 Nm 
(Burton, 1968; Caro et al., 1978) and can be reversibly extended to about 
twice their length. Unlike collagen fibres, which are unbranched, the 
elastin fibres show many 'end-to-side' junctions in their network (Gibson 
et al., 1967; Tsuji, 1980). It is not clear how the elastin and collagen 
fibres are coupled to each other in the skin. In elastic ligaments e.g. 
ligament un flavum and ligamentun nuchae, the elastin fibre is surrounded by 
a spirally structured network of collagen fibres (Serafini-Fracassini et 
al., 1977). It is probable that a similar coupling exists between the 
elastin laminae and the collagen fibres in the tunica media of the walls of 
arteries (Viidik et al., 1982). According to Gibson et al. (1967) the 
elastin fibres in human skin are looped spirally around the collagen 
fibres. 
More information on the elastin fibre can be found in Ross (1973) and 
Sandberg et al. (1982). 
1.3.4. Ground substance 
The semi-fluid amorphous material (or gel), which fills the spaces 
between the fibres and the cells in the dermis is called the ground 
substance. Besides water, it consists of glycosaminoglycans (GAG), 
proteins, enzymes, metabolites and other substances. The most important 
constituents are the GAG's, about 0.5% - 1% of the FFDW of whole skin 
(Lindner et al., 1976). The glycosaminoglycans occur in the tissue mostly 
as units of disacchandes bound to proteins, constituting proteoglycans 
(Viidik, 1982). It has been shown that various GAG's interact with collagen 
and influence both the rate and nature of fibril formation (Keech, 1961; 
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Fleischmajer et al., 1972). An important fraction of the GAG's exists of 
hyaluronic acid and chondroitinsulphate (dermatan sulphate). Dermatan 
sulphate is strongly bound to collagen. Its presence in skin has been 
correlated with the formation of coarse collagen fibrils; it is absent in 
tissues with thin and presumably 'immature' collagen (Smith et al., 19Θ2). 
Unlike the other GAG's hyaluronic acid does not have any substantial 
protein core. Hyaluronic acid can bind a considerable amount of water and 
despite the high water content there is hardly any free fluid in the ground 
substance (Wilkes et al., 1973). According to Palfrey et al. (196Θ) 
hyaluronate in solution has a viscosity which depends in a complex way on 
the deformation rate and previous deformations. 
The role of the ground substance in the mechanical behaviour of the 
skin is not yet clear. Some experiments on tendons (Cohen et al., 1976) 
give the impression that the time dependent properties for small 
deformations is mainly due to inter-fibnllar sliding and shear of the 
gel. There are also reports which suggest that the waviness of the collagen 
fibres is induced by a shrinkage of the ground substance matrix (Dale et 
al., 1974). For a further discussion on this subject see Vndik et al. 
(1980). For a review of GAG's, see Comper and Laurent (197Θ), Mier (1972) 
and Silbert (1982). 
1 Λ The ageing of dermal connective tissues 
A well established phenomenon of ageing is the thinning of the skin. A 
decrease in skin thickness in vitro as well as in vivo, even up to 50S, has 
been found by a number of authors (Lee, 1957; Finlay, 1971; Shuster et al., 
1975; Hall, 1976; Leveque et al., 1980; Tan et al., 1982). 
The quantitative changes in collagen with age are still controversial 
(Hall, 1976). Fleischmajer (1973) could not provide evidence for age 
related changes in collagen content. His method did not take into account 
the possible changes in total mass of the dermis. Shuster et al. (1963) 
reported a reduction in total skin collagen with age, which was confirmed 
by Hall (1976). Since with increasing age the collagen content per unit 
surface area decreases more rapidly than does skin thickness, the collagen 
density decreases too. Shuster et al. (1975) found a reduction in collagen 
density of about 1% per year throughout adult life. Lindner (1972) reports 
a decrease of the soluble collagen content, whereas the fraction of 
insoluble collagen increases. 
- 12-
Qualitative changes in collagen with age are well established, 
especially those related to the nature of croaslinking (Hall, 1976; 
Shiozowa, 1979). The increase of cross-link density with age (Sinex, 1964; 
Montagna and Parakkal, 1972) is most probable the origin of the stiffening 
of the collagen fibre with age (Bailey, 1969; Suominen et al., 197Θ). 
The elastin content of skin decreases with age (Lindner, 1972; 
Hartzstark et al., 19Θ2). In abdominal skin there is a 25% drop in true 
elastin over the first six decades (Hall, 1976). With light microscopy one 
can find a progressive loss of the fibre architecture of the elastin fibre 
network in the papillary dermis with advancing age. Scanning electron 
microscope (SEM) findings of dermal elastic fibres give that the fibres in 
old skin are thicker, more eliptical in cross-section and more branched 
than those in young adults' skin (Tsuji et al., 1981). Ageing elastin 
gradually becomes calcified. The fibres degenerate and fragméntate 
(Danielson et al., 1972; Stadler et al., 1978). 
The ground substance also changes with age. One of the most marked 
features is a steady reduction in hyaluronic acid. This decrease is 
accompanied by an increase in the chondroitin sulphate (Hall, 1976). In 
embryonic skin the hyaluronic acid constitutes about 755» of the GAG 
fraction, but this reduces to '\'>°¿ in adult skin. Chondroitin sulphate В 
amounts in embryonic skin to about '\0% of the GAG and rises to 70% in the 
adult skin (Lindner et al., 1976). Furthermore it is probable that the 
hyaluronic acid becomes less polymerized. The reduced amount together with 
the smaller molecule results in a decrease in the ability of the ground 
substance to bind water (Dinnar, 1970; Lindner, 1973). The water content 
reduces from 86°ó in the embryo to 70'» in the adult skin to 60% and less in 
the senile human skin. 
For further information on ageing of skin see Lindner (1972), Torp et 
al. (1974a, 1974b), Robert (1980). 
CHAPTER 2 
MECHANICAL PROPERTIES OF THE SKIN 
2.1 Introduction 
The theory of elasticity deals with the relation between forces 
applied to a body and its consequent deformation. In 167Θ Robert Hooke 
found that the extension of a metal wire was proportional to the force 
excerted on it in the longitudinal direction ('Ut tensio sic vis'). For 
most biological materials this linear relationship, referred to as "Hooke's 
Law", is not valid. For soft connective tissues the relation between load 
and elongation is nonlinear. Besides this nonlineanty the inhomogeneous 
skin has anisotropic and viscoelastic properties. In this chapter some 
basic quantities will be defined in order to be able to handle the 
different mechanical properties of the skin. This will be preceded by a 
functional description of the skin in terms of its constituents. In the 
last part of this chapter some mechanical models as presented in literature 
for the description of the behaviour of skin will be reviewed. 
2.2 A functional description of the skin 
In general soft biological tissues mainly consist of collagen and 
elastic fibres embedded in a mucopolysaccharide structure. The collagen and 
elastin fibres are commonly thought to form the load bearing frame of soft 
tissues and to be responsible for the mechanical properties. The method 
most frequently used to determine such properties of the skin is that of 
uniaxial tensile experiments. In such experiments a tissue strip is 
stretched along a single axis. The observed elongation as a function of the 
applied force (load) is called the load-elongation curve. 
In the characteristic load-elongation relationship of fig. 2.1 two 
parts can be distinguished. Part I, in which low load values cause a rather 
large extension of the skin, and part II, in which high load values are 
needed to elongate the tissue even a little further. In literature the 
initial part of the curve (part I) is usually referred to as the 'toe part' 
of the curve, because of its appearance when load is plotted as a function 
of elongation. 
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Fig. 2.1 
A typical load elongation curve of the skin in vitro (after: 
Gibson and Kenedi, 1970). 
The shape of the load-elongation curve obtained from an uniaxial test 
can be interpreted qualitatively m relation to its histological 
structure. From microscope observations of the dermal fibre networks under 
strain (Craik and McNeil, 1966; Brown, 1973) it is known that in relaxed 
skin the collagen fibres lay in a wavy pattern. During small loads (part 
I), the collagen fibres orientate into the direction of the applied force 
and straighten. Simultaneously the elastin fibres are stretched. The 
gradual straightening of the collagen causes a stiffening of the skin. In 
part II of the curve most of the fibres are straight and become stretched. 
This part therefore reflects the stretched collagen fibre properties. It is 
known that the load-elongation relationship of fully aligned straight 
collagen fibres is almost linear (e.g. Abrahams, 1967; Vndik, 1979). 
There is no sharp discontinuity between part I and part II and the 
choice of the line dividing the two parts is arbitrary, merely indicating 
that at this point the majority of collagen bundles have become 
straightened whereas a few collagen bundles are stretched. After unloading 
the collagen fibre meshwork returns in a wavy configuration. However, 
according to the microscope observations of Craik and McNeil (1965), the 
original orientation of the fibres is not restored by relaxing the tissue. 
2.3. Basic definitions and concepts 
2.3.1. Stress-strain relation 
As already stated, the method most frequently used to study the 
mechanical properties of skin is that of uniaxial tensile experiments on 
tissue strips. In order to compare the results of uniaxial tensile tests on 
different strips, load-elongation curves are converted into stress-strain 
curves. 
Stress σ is defined as 
where A represents the cross-sectional area of the specimen and F the force 
acting on it. Strictly speaking, the stress definition 2.1 is valid only in 
the case of a homogeneous distribution of the load over the whole 
cross-sectional area. In skin it must be doubted whether this is the case 
because of the obviously inhomogeneous structure of the skin (Chapter 1). 
For in vivo experiments the situation is even worse. Then the load is 
applied at the skin surface and it is not known how the load is transferred 
to the deeper layers of the skin. Furthermore the width of the tissue 
strips on which the load acts is not well defined, since the strips are 
still in connection with the adjoining skin. 
The strain e is defined as the relative increase in length of the skin 
strip, 
I - I 
ε = ^ (2.2) 
о 
where A is the length of the loaded skin strip and Л 0 designates the 
initial length. The strain definition 2.2 assîmes a homogeneous deformation 
pattern throughout the stressed skin strip. Here the same remarks apply as 
those made with respect to the stress definition. In particular the in-
crease in length is hard to define in vivo, where the elongation is meas-
ured at the skin surface. We will return to these problems in chapter 3. 
The definition 2.1 of strain is not the only one possible for the 
description of deformation. Another definition of strain is based upon the 
change in the square of the length. Such a strain e, introduced by Green 
(1839) and St. Venant (1855) and called Green's strain, is 
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Ζ 2 
i - IL 
e = - ? - — (2.3) 2 A 
о 
The strains e and ε are related by: e = e + 1/2 ε^. In the case of 
infinitesimal displacements the difference between the two strains 
disappears. Fven in our experiments with strains (defined by 2.2) up to 
30io-40Äi the difference is small. The definition 2.2, which is the most 
common one in the literature concerning soft tissue mechanics, will be used 
in this thesis exclusively. 
When a material is stressed in the longitudinal direction (uniaxial 
pull) it will not only lengthen (strain ε), but it will simultaneously 
experience a deformation in the directions perpendicular to the 
longitudinal direction, for materials obeying Hooke's law, the relation 
between the longitudinal stress a and the longitudinal strain ε is given by 
σ ζ Ε ε , (2.4) 
in which Ε, called Young's modulus after Thomas Young (1807), is a constant 
specific for the material used and, e.g., independent of the dimensions 
involved. Usually eq. 2.4 is called Hooke's law. 
Young's modulus is one of the coefficients of elasticity of the 
material. The ratio of the lateral strain to the longitudinal strain is 
another coefficient of elasticity of the material, called the Poisson ratio 
after Siméon-Denis Poisson (1B27), and is a dimensionless quantity. For 
isotropic and incompressible materials the Poisson ratio is equal to 0.5 
for all directions. In general this will not be true in anisotropic media. 
In human skin the lateral contraction in the plane parallel to the surface, 
has about the same magnitude as the longitudinal strain (Gibson et al., 
1967; Wan Abas, 1982). Consequently, the Poisson ratio in this plane is 
about one (Finlay, 1969). A consequence of incompressibility is a Poisson 
ratio close to zero in the perpendicular plane. This implies a constant 
skin thickness under deformation. 
In the case of the human skin Young's modulus cannot be defined, 
because of the nonlineanty of the stress-strain relationship. However, one 
can define a coefficient of elasticity at a given stress value as the 
derivative of the stress to the strain, the differential modulus: 
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E*=£. (2.5) 
de 
This will be referred to as the stiffness of the medium. In literature the 
stiffness of the mediim defined in this way is also called dynamic or 
incremental stiffness. For a material obeying Hooke's law (2.4) the 
stiffness E* equals Young's modulus. It must be stated again that 
coefficients of elasticity of a nonlinear medium can only be given at a 
specified strain or stress value. It is common use to present the (initial) 
coefficient of elasticity at zero stress: 
E * = (4r) (2.6a) 
From here on, the upper index * (as defined in 2.5) will be omitted 
whenever there is no possibility of confusion. So the initial stiffness 
will be referred to as: 
E = (^) . (2.6Ь) 
2.3.2. Anisotropy 
From the existence of preferential fibre directions in the skin 
(Langer's lines), one could readily presume anisotropy in human skin. 
However, Langer's lines give no degree of amstropy (i.e. no degree of 
fibre orientation (see section 1.2)). For the skin of the human calf the 
direction with the highest stiffness almost coincides with the tibial 
axis. The stiffness of the skin gradually decreases, when the direction of 
the stress makes a larger angle with the tibial axis, with a minimal 
stiffness in the perpendicular direction (Manschot et al., 19 2). One 
possible way to quantify the anisotropy m human skin is to define it as 
the ratio of the maximal to the minimal stiffness. So the anisotropy A to 
be used, is defined as the ratio of the stiffness along the main axis of 
the leg (E//) and the stiffness EJ. in the perpendicular direction, 
E// A = ^ . (2.7) 
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2.3.3. Viscoelasticity 
A material is called purely (instantaneously) elastic if the 
deformation is only dependent on the magnitude of the load. Furthermore, 
the material returns immediately to its original configuration when the 
load is removed. A material is viscoelastic when the deformation is not 
only a function of the load, but also a function of time. 
Human skin has viscoelastic properties. This can be seen clearly in 
the response of the skin to a pulse shaped load (fig. 2.2a). In this 
response three regions, as depicted in the schematical drawing of fig. 
2.2b, can be distinguished. 
A stepresponse of the skin: a. experimental and b. schematical 
At the moment of applying the stress there is an instantaneously 
elastic deformation e
a
. Thereafter, while the load is maintained 
constant, the tissue is still deforming (creep). In this time dependent 
behaviour one can distinguish a delayed elastic process, ε^, and a purely 
viscous process, which give rise to a permanent deformation zc. Strictly 
speaking this deformation e
c
 is not permanent, but rather is a delayed 
elastic process with a very large time constant (the deformation is 
largerly still present 5 minutes after unloading). Since this time constant 
exceeds by far the measuring time in the experiments as described in this 
thesis, this deformation will be regarded as originating from a purely 
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viscous process (i.e. a permanent deformation). The same three regions can 
be distinguished in the unloading phase. 
Alternatively the deformation of may be kept constant. The 
corresponding stresses induced in the skin decrease with time. This 
phenomenon is called (stress-) relaxation. 
2.4. A survey of the mechanical models for soft tissues 
2.4.1. Introduction 
In order to describe the mechanical properties of soft connective 
tissues quantitatively, a mathematical framework is needed. Such a 
framework should make it possible to give a concise, well-defined 
description of the tissue behaviour while using only a few parameters. In 
this section a survey will be given of several models as presented in 
literature. 
The various specific models for soft tissues can be divided roughly 
into two groups: elastic and viscoelastic models. The elastic models 
usually describe the overall nonlinear elastic properties of soft tissues, 
while disregarding time dependency. Viscoelastic models concentrate on the 
time dependent phenomena, but because of nonlineanty many of these models 
have a limited applicability. 
2.4.2. Elastic models 
Connective tissues are viscoelastic. An argument for modelling them as 
elastic is that under a repeated (cyclic) identical loading scheme a stable 
response is attained for both the loading and the unloading phase. In such 
cases an elastic model can be formulated with the restriction that it is 
valid for that particular test scheme only. Some methods have been 
described, in which the purely elastic part of the deformation can be 
distinguished from the time dependent parts (fig. 2.2). In that case the 
developed elastic model for the purely elastic part is valid for different 
testing procedures. 
For the description of the mechanical behaviour of soft connective 
tissues, three approaches can be distinguished: 
a) the continuili) approach, in which general mechanical theories have been 
adapted to soft tissues, 
- 20 -
b) the phenomenological approach, in which mathematical expressions which 
fit specific modes of behaviour were suggested, 
c) the structural approach, which seeks to develop constitutive relations 
based on properties of the tissue's structure and components. 
In some cases a combination of approaches have been used; e.g. a 
phenomenological mathematical expression in a structural model. 
a) In the continuum formulation (Valams and Landel, 1967; Alexander, 
1968; Blatz et al., 1969; Veronda and Westman, 1970; Gou, 1970; Snyder 
and Lee, 1975; Tong and Fung, 1976), one approaches the elasticity of 
bodies by postulating the form of an elastic potential, or strain energy 
function W. From this strain energy function, the stress-strain 
relations in a direction ι can be obtained from 
ÔW 
σ = - — . 
ι οε 
ι 
These formulations, which all assume homogeneity of the material, seem 
well suited to treat rubber-like materials. However, because of its 
inhomogeneous fibre structure, human skin certainly is not rubber-like. 
Furthermore, almost all authors disregard features like amsotropy and 
time dependency. Any attempt at a more embracing theory concerning these 
factors leads to intractable mathematical and experimental complexity 
(Kenedi et al., 1975). 
b) The phenomenological approach is used in the description of tissue 
behaviour as such, without physical interpretation of the observed 
phenomena. For skin usually a polynomial, an exponential function or a 
power function is postulated. 
One of the first used was by Wertheim (1847), 
ε = ao + bo . 
An exponential function was originally proposed by Fung (1967) and 
later on used in various versions and applications (e.g. Veronda and 
Westman, 1970; Gou, 1970; Fung, 1972; Fung, 1973; Tong and Fung, 1976; 
Alexander and Cook, 1977; Woo et al., 1979). Fung demonstrated that for 
a variety of soft tissues the stiffness increases linearly as a function 
of the stress: 
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E» = d£ _ E + k (2.8) 
de o ' 
in which к is a coefficient of non-linearity. Through integration of 
equation 2.θ a logarithmic stress-strain relationship emerges: 
ε = I in (1 + -^ ) . (2.9) 
К tQ 
The term 'exponential function' originates from the corresponding 
expression for a as a function of e : 
E 
σ = ^  (exp (ke) - 1 ) . (2.10) 
For strain experiments on human skin in vivo for small deformations, 
this relationship (2.9) appeared to be very useful (Wijn, 1976; 1980). 
A power function has been proposed in many variations, e.g.: 
e = a o" by Morgan (196Θ) , 
a = с ε 2 by Jenkins and Little (1974) , 
a = к Ed by Kenedi et al. (1964) 
Combinations of exponential and power functions have also been used: 
e = ρ + q log a for small deformations, 
ε = к (Ρ for large deformations (Ridge and Wright, 1966) 
1 
and a = D ε j exp (βε) (Haut and Little, 1972). 
ε 
с) In the structural approach the mechanical properties of the tissue are 
described in terms of the structure and properties of the tissues 
components. There are two kinds of formulations in this approach. 
The first is based on the assumption that for the unwinding of each of 
the originally undulated collagen fibres an increasing stress is needed 
(as a curved metal wire). Diamant et al. (1972) modelled for rat-tail 
tendon the collagen fibres as zigzag waves with rigid nodes. They 
applied the theory of elasticity to a unit cantilever beam representing 
one half of a segment of the zigzag wave. However, their deduced values 
did not agree well with the experimental stress-strain curves. 
Furthermore, their equation predicts absurd results for very small 
stress values. Comninou and Yannas (1976) regarded the collagen fibre as 
long sinusoidal beam. Their work looks promising. However, they did not 
fit the theory to experimental data. Something similar has been done by 
Ling and Chow (1977) for collagen fibrils in arteries. In their work 
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only the bending rigidity was taken into account, while disregarding the 
extensibility of the collagen itself. 
The second kind of formulation is based on the assumption that a 
single collagen fibre does not transmit any force as long as it is not 
fully straight. In that formulation the collagen fibres act like kinked 
strings. The elastin fibres are thought to act as an energy storage in 
order to restore the waviness of the collagen fibres when unloaded 
(Gibson and Kenedi, 1967; Minns et al., 1973). However, one should keep 
in mind that this can only partly be true, since such virtually 
elastin-free tissues as the rat tail tendon bundle (e.g. Rigby et al., 
1959) and the free edge of the porcine heart valve leaflet (Broom, 1978) 
also show such waviness, which reforms after unloading the specimen. A 
model with the elastin fibres and collagen fibres in the aorta parallel 
arranged was presented by Lake and Armemades (1972). They assumed the 
elastin fibres to be of equal lengths, whereas the collagen fibre 
lengths were described by a distribution function. In this way the 
nonlineanty of the stress-strain relation was modelled by the 
collagen fibres successively having been stretched. A similar model was 
proposed by DeCraemer et al. (1980). Soong and Huang (1973) describe a 
mathematical model which predicts the stiffness of biological tissues as 
a function of the strain. They based it on the theory of composite 
materials, starting from a stochastic point of view. The results are 
expressed in terms of volume fractions of the fibre components and a 
'collagen arrival density' which is related to a Poisson process. In 
their assunptions they include an exponential function for the stiffness 
of a single collagen fibre. 
The structural models discussed so far, all assume parallel fibre 
arrangement. Therefore, they have a limited applicability and can be 
used only in uniaxial strain experiments. Lanir (1979), derived a 
formulation for flat tissues in biaxial strain experiments. His model 
describes the behaviour of tissue governed by material constants and 
material distribution functions. The distribution functions are 
associated with the angular and geometrical nonumformities in the 
fibres. Wijn (1980) presented a fibre model, which describes the 
observed angular dependency of the properties of human skin in vivo. In 
this model, a fibre involvement-function (FIF) was derived. The FIF 
accounted for the involvement of the fibres, which were distributed in 
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different angles to the direction of stress. In addition, the fibre 
model could relate results obtained from uniaxial strain and torsion 
experiments. It should be remarked, that this fibre model was developed 
for describing the behaviour of human skin for small deformations 
(strains of a few per cent), in which a change in the angular 
distribution due to loading could be neglected. 
In conclusion, a structural model is, in our opinion, the most 
promising one since 
- all parameters have a distinct physical meaning, 
- the model can be tested (in vivo) in the case of certain connective 
tissue pathologies, or (in vitro) by comparing results obtained before 
and after selective removal of a single tissue component, 
- once the model has been validated, elasticity measurements can contribute 
to a better understanding of the nature of some pathologies. 
- it facilitates the understanding of the tissues function, 
- it provides the opportunity for comparing the results obtained in 
experiments of a different kind and in different tissues. 
2.4.3. Viscoelastic Models 
Mechanical models to describe the viscoelastic behaviour of materials, 
often consist of combinations of purely elastic elements (springs) and 
purely viscous elements (dashpots). For the description of the viscoelastic 
behaviour of human skin in vivo (fig. 2.2), Burgers' model (1939) (fig. 
2.3) has shown to be very appropriate (Vlasblom, 1967; Wijn, 1976; 1980). 
лЛЛЛЛ-
лЛЛМ 
fb 
Fig. 2.3 
A viscoelastic model for analysing the response of the skin: 
Burgers' model. 
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This model consists of three segments: 
a. a serial spring E
s
, 
b. a spring Ep and a dashpot ηρ in parallel, 
c. a serial dashpot η 3. 
These three segments can be used to identify the three parts of the 
step-response of the skin (fig. 2.2): the purely elastic part ea with 
E
s
, the delayed elastic part e^ with Ep and Яр, and the permanent 
deformation £
c
 with T|g. 
The use of springs and dashpots does not mean they have linear 
properties. They merely represent purely elastic and purely viscous 
features. These features can be nonlinear. We will return to this point in 
chapter 3. 
Besides Burgers' model other combinations of a finite number of 
dashpots and springs can be found in literature, most of these with 
nonlinear spring and dashpot characteristics (Apter et al., 196Θ; Jamison 
et al., 1968; Dinnar, 1970; Anna et al., 1974; Zech and Arnold, 1975; 
Sanjeevi, 1982). In the model of Viidik (1968) a third idealized element, 
representing dry friction (plasticity) was added. The elements, all having 
linear properties, were arranged so as to come subsequently into action at 
various levels of deformation, thus simulating nonlineanty. Frisen et al. 
(1969) developed an alternative formulation of this model and derived a 
nonlinear differential equation. 
A spring and a dashpot in parallel (with a constant ^Д ratio) lead to 
an exponential time varying term, with a characteristic relaxation time 
•"lp 
t (= p*-) (see section 3.4). Discrete spring and dashpot models of tissue 
Ρ behaviour therefore give discrete spectra of relaxation times. Fung (1972) 
proposed a model, based on linear viscoelasticity, in which he uses a 
continuous relaxation spectrum. The spectrum has a constant height between 
upper and lower limits τ^ and τι and zero otherwise. The three 
parameters characterizing such a 'box spectrum' can be found from a 
logarithmic plot of the stress-relaxation curve. This model, called the 
'quasi-linear viscoelasticity law', has been used by a great number of 
investigators for the the description of a variety of soft tissues, such 
as: rat tail tendon (Haut and Little, 1972), canine aorta (Tanaka and Fung, 
1974), bovine ligamentum nuchae (Jenkins and Little, 1974), bovine 
articular cartilage (Woo et al., 1980), aortic valve tissue (Sauren, 
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1981), hunan skin (Barbenel et al., 1973). Although the 'box spectrum' 
approach in certain cases describes the experimental data very well, it has 
some disadvantages. One disadvantage originates from the nonlinear 
properties of soft tissues. Because of the nonlineanty, the parameters 
will vary with strain- (c.q. stress-) amplitude. This means that predicted 
moduli etc. can only be compared with experimental results at similar 
strains. In addition some materials and test conditions were found to 
require more complex spectra (Barbenel et al., 1973). 
A different approach in modelling the viscoelastic behaviour is by 
considering the tissue as a porous solid structure containing some amount 
of fluid. Such an approach has been used mainly on articular cartilage 
tissue (McCutchen, 1982; Torzilly and Mow, 1976a, 1976b), in which a large 
amount of free fluid is present. The load deformation characteristics were 
studied by indentation of the specimen. As a result the water in the 
cartilage begins to flow owing to a gradient caused by the excess pore 
pressure. This kind of problems has long been known in soil mechanics and 
the governing differential equations are described within the theory of 
consolidation (e.g. Lamb, 1969). With this approach Mow et al. (1980) found 
that the displacement of the solid matrix (creep) can be described by a 
diffusion equation. Qualitatively, such a model seems attractive. 
Quantitative results are, however, hard to obtain, because of its 
mathematical complexity. Stretching the tissue, instead of indenting, 
complicates it even more. A numerical solution method, e.g. finite element 
analysis, could be of help (Hwang et al., 1971). However, since in the skin 
the stress is mainly borne by the fibres and since these fibres are fairly 
loosenly arranged, the concept of small elements of skin is meaningless 
because of a shifting of the fibres with respect to the surroundings. 
Furthermore, since such a model is based on continuum mechanics principles, 
the same reservations apply as those made with respect to the elastic 
continuum model. 
In summary, of the various models Burgers' model is the most simple 
one to use and it adequately describes the time dependent properties of the 
hunan skin in vivo, over the time range used (see: chapter 3; Wijn, 1980). 
For this reason this model was chosen as a basis for the description of the 
viscoelastic behaviour of the skin. For a more detailed description on 
(linear) viscoelasticity, the reader is referred to the text books of 
Flügge (1967) and Fung (1977;1972;1981). A historical survey on elasticity 
can be found in Love (19AA) and Truesdell (1966). 
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CHAPTER 3 
UNIAXIAL STRAIN MEASUREtCNTS 
3.1. Introduction 
This chapter deals with the experimental methods for measuring the 
properties of human skin in vivo for large deformations. For this purpose a 
new uniaxial strain device has been developed. After a description of the 
apparatus and of the experimental set-up (section 3.2), the determination 
of the effective dimensions of the piece of skin under investigation is 
discussed (section 3.3). These effective quantities enable one to express 
the experimental results in terms of skin properties which are independent 
of the measuring configuration. Thereafter attention will be paid to the 
signal analysis (section 3.4). Especially the method used for 
distinguishing the purely elastic part in the total response to a saw-tooth 
shaped load will be discussed extensively. In the final section of this 
chapter (3.5) some possible influences on the measurements such as: posture 
and preconditioning of the skin, will be discussed. 
3.2 Methods 
3.2.1 The apparatus 
The uniaxial strain apparatus has been designed in such a way that a 
force is generated and the resulting displacement is measured. Imposing a 
well defined load to the skin, rather than a given deformation has two 
advantages. Firstly, pulse functions of the load can be realized, which 
facilitates the determination of the different viscoelastic processes in 
the skin response. Secondly, by limiting the load rather than the strain 
the experiment can be carried out without discomfort (pain or even tearing 
of the skin) to the subject. The reason for this stems from the fact that 
skin is anisotropic (the extensibility in two directions differs greatly) 
and the extensibility of the skin of two different subjects (e.g. patients) 
may also vary considerably. 
In the apparatus (see schematical drawing of fig. 3.1) three 
functional units can be distinguished, a force generator, a displacement 
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Schematic representation of the uniaxial strain apparatus. 
Forces are generated by a magnet-coil combination. The major part of a 
permanent magnet is situated within a concentric coil. A magnetic field set 
up by an electric current in the coil pulls at the magnet, which is 
connected to the main bar of the movable part. The force to current ratio 
_1 
is 3.40 NA and the maximal permissable current is about 3.5 A. 
Consequently forces up to about 12 N can be generated.The magnet can move 
over a range of 12 mm for which the variation in force is less than lió. 
Different time functions of the force can be generated by controlling the 
current using a function generator and a current amplifier. 
The forces are transmitted to the skin via two tabs which are attached 
to the skin. One tab is fixed to the frame of the apparatus and the other 
one is connected to the movable part. The displacement of the movable part 
is detected by a Philips PR 9314/20 inductive displacement transducer, 
which is connected to a Philips PR 9 71 strain converter. The frequency 
range of this combination is from 0 to 1000 Hz. The minimal detectable 
displacement is one thousandth of the selected detection range which is 
adjustable between 0.2 mm and 20 mm. Mostly the range was 2 mm and hence 
the detection accuracy 2 μπι. 
The stress strain characteristic of pieces of skin of various 
dimensions can be studied by varying the width of the tabs and the initial 
distance between the tabs. The initial distance can be varied by changing 
the position of the fixed tab and keeping the movable tab initially in a 
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position which is related to the zero of the strain converter. This allows 
the selection of the maximal sensitivity (i.e. minimal detection range). 
Besides the magnet and one tab, the movable part consists of three 
bars: two parallel bars in a horizontal position and the main bar, which 
connects those bars (and so the movable tab) with the permanent magnet and 
the plunger of the displacement transducer. Four bearings (two for each top 
bar) allow the movable part to shift in one direction with a minimum of 
friction. The construction demands a horizontal measuring direction. The 
movable part itself can be used as a levelling instrument: the static 
friction is less than 15 mN. 
The dynamic properties of the apparatus can be studied by attaching 
the tabs to a rubber sheet. The stiffness of the rubber was within the 
range of initial stiffness values for normal skin. The well known 
differential eguation for such a damped mass-spring system is 
dt2 
dx 
dt F(t) (3.1) 
with: m the mass of the movable part (0.261 kg), 
g the friction, 
с the spring constant, 
χ the displacement, 
and F(t) the applied force. 
time (sec) 
Fig. 3.2 
The sawtooth response of the uniaxial strain apparatus attached 
to a rubber sheet, a. the force; b. the response of the 
combination. 
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Fig. 3.2 shows the response of the mass-spring system to a saw-tooth shaped 
load. The resonance frequency was found to be 11.8 Hz and the logarithmic 
decrement equals 0.4. The friction q in the apparatus therefore is 
1 
2.5 Nsm" . The coefficient of friction of the apparatus coupled to the-
skin (q , ) has been determined in the same way in four subjects. The 
average value thus found was: q , = 5 NsnT . 
The small oscillations in the response after the on- and offset of the 
load disappear within a few hundred milliseconds. In the skin measurements 
these first parts in the response will be skipped. 
Imposing a saw-tooth shaped force, F(t) =y . t for 0 < t < Τ with F 
maximal force at the end of the loading time (t = T), the solution of eq. 
3.1 for an underdamped system is 
.
 r
 sin (2πν t) 
x ( t )
 -ст^ " с -
e x p
 (-PtHii-ß |) 5 п г - - § c a s ^ ^] 
г 
for 0 < t < Τ, (3.2) 
where β = γ* and ν is the resonance frequency (v = -^ — ^ - β ). 
Omitting the first part in the signal (the oscillations), the response 
during loading is given by: 
*Ct) --У
т
[1 -f]. (3.3) 
From 3.3 it can be seen that the ratio between the generated force F(t) and 
the displacement x(t) is not equal to the spring constant с A small time 
delay is present. In human skin this time delay is not a constant. During a 
saw-tooth shaped loading the skin stiffness (and so c) increases linearly 
with force: с = с +k'F(t) (cf. eq. 2.8). Consequently the time delay 
reduces to zero for increasing force. For this reason in all experiments on 
human skin the correction (eq. 3.3) for the time delay has been set to 
"skin 
с + k'F(t) ' 
о 
w l t h c
0 estimated from the slope at the beginning of the extension 
curve in each experiment (after the oscillations have damped out) and k' 
corresponding to the к value (eq. 2.8) as found by Wijn (1980). 
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3.2.2. General description of the experiment 
The subject lies on a couch (fig. 3.3) located in a room in which the 
temperature is about 2(PC, This temperature is chosen in order to prevent 
goose flesh and excessive perspiration. Variations of a few degrees in room 
temperature do not influence the results (Wijn, 1980). Before any 
measurements were taken the subjects were acclimatized to the temperature 
for about a quarter of an hour. 
Subject on a couch with strain apparatus. 
The covering of the couch removed over a length of about 40 cm 
underneath the calf. The apparatus is mounted on the couch in such a way 
that the positioning of the apparatus (i.e. the tabs) to the skin of the 
calf can be done from below in a reproducible and easy way. To diminish 
disturbances, due to small movements of the leg, respiration etc., an extra 
plate mounted on the apparatus. This plate, with a large rectangular hole 
in it (15 χ 5 cm), is pushed lightly against the skin, to achieve some 
fixation of the calf. Attachment of the tabs to the skin is done by pushing 
them onto the skin. In this way the whole surface of the tabs with the 
adhesive is in contact with the skin, assuring an optimal adhesion. After 
about 30 s the whole apparatus is lowered to a level at which the tabs are 
indenting the skin by about 1/2 mm. The brake of the movable part is 
released and the measurement can start. 
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Two types of experiments are distinguished: 
- experiments with low loads : LL experiments, 
- experiments with high loads: HL experiments. 
3.2.3 The LL experiment 
The LL experiment is essentially the same as the one described by Wijn 
(1980), Manschot et al. (1982) and Jagtman (1983). Detailed information can 
be found there. Here we will only sum up some of the main aspects. The tabs 
are attached to the skin by means of a double sided adhesive tape (Scotch 
400). The distance between the tabs and the width of the tabs is 15 mm. Six 
pulse shaped loads with increasing amplitudes (0.1; 0.2; 0.4; 0.6; 0.8; 1.0 
N) are generated by a programmable current source. The pulse duration is 10 
s and the interval time is 20 s. In fig. 3.4a the load is depicted in the 
upper trace; the corresponding displacement signal is in the lower trace. 
LL exp 
load 
displacement 
r 
4__ 
1 
/ " 
/ " 
f 
100 
-• time (s) 
200 
Fig. 3.4a 
Response of the skin as a function of time in the LL experiment. 
upper track: load; lower track: displacement. 
Vertical scaling is arbitrary. 
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In order to diminish the artefact of the attachment procedure and so 
to increase the reproducibility, the skin is preconditioned. This is 
achieved by applying a similar series of six loads to the skin prior to the 
regular loading program. In this preconditioning series both the pulse 
duration and the interval time are 2 s. 
3.2.4. The HL experiment 
In the HL experiment the two tabs are attached to the skin by means of 
a cyanoacrylate adhesive (3M Cyanolite 201). This adhesive provides a good 
bond and is harmless since it is non-toxic and causes no sensibilisation. 
Furthermore the tabs can easily be peeled off from the skin after the 
experiment. The adhesion improves by cleaning the skin with petroleum ether 
prior to the attachment. The two tabs (10 χ 10 mm) are positioned at a 
distance of 5 mm. 
HLe 
time (s) 140 
Fig. 3.4b 
Response of the skin as a function of time in the HL experiment. 
upper track: load; lower track: displacement. 
Vertical scaling is arbitrary. 
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Four identical saw-tooth shaped loads (max. 12 N) are generated by a 
ramp generator. Load duration is 10 s and the interval time is 20 s (upper 
trace fig. 3.4b). The responses to the second and subsequent loads are very 
similar (lower trace fjg. 3.4b), but differ from the response to the first 
one, which can be considered as a preconditioning load (section 3.5). Ramp 
functions, instead of pulses as in the LL experiment, are used for the 
generation of forces since only thus the adhesion was found to be adequate 
even for these high loads. An additional advantage of this loading 
procedure is, that a complete stress-strain relation is obtained from a 
single saw-tooth response, since load and time are proportional. 
Consequently the whole experiment can be done within a short time, so that 
artefacts due to movements of the subject are rare. A disadvantage is that 
in the response the purely elastic and the viscoelastic effects cannot be 
separated as simply as in the pulse responses. 
The HL experiment is completed with six small pulse shaped loads (load 
program as in the LL experiment), immediately succeeding the saw-tooth 
shaped loads. 
3.2.5. Signal processing 
The signals of the displacement detector and of the current source of 
the force generator are sampled on line using a Kayser 12Θ0 PCM system 
(with 12 bit AD conversion) and a DEC PDP 11/34 computer. The sampling 
starts upon a trigger indicating the beginning of the experiment. The total 
sampling time depends on the experiment, but is usually 200 s (in the LL 
experiments) or 140 s (in the HL experiments). For convenience in 
file-handling a constant file-length of 2000 samples per channel 
(displacement or force) was chosen. Consequently the sampling interval will 
be 100 ms or 70 ms (corresponding with β sampling rate of about 10 or 14 
sps). The digitized signals are stored in a file on disc. Data about the 
subject and the experimental conditions are added to this file. During the 
measurement the signals are displayed on a video screen and on a 
paper-recorder. 
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3.3. Determination of the effective dimensions 
3.3.1. Introduction 
The force and the displacement can be converted into a stress and a 
strain using the definitions 2.1 and 2.2 in chapter 2. If the dimensions of 
the piece of skin are known exactly the stress-strain relationship is 
independent of the measuring configuration and will only reflect properties 
of the tissue. In an in vitro experiment, with an isolated piece of skin 
fixed between two clamps, the initial distances (width, length and 
thickness) can be determined easily. 
In experiments on intact skin (in vivo) the situation is much more 
complicated. Here the sheet of skin can only be reached from one side by 
attaching two tabs to the sheet. Because of this, the effectively involved 
length in the medium may not be equal to the distance between the tabs. 
Furthermore the effective width in the mediLm may be enlarged due to the 
involvement of the skin adjacent to the strip of skin directly enclosed by 
the tabs. 
These effects have been investigated in the case of small deformations 
(i.e. the LL-experiment) by Wijn (1980). He found that the width of the 
tabs b was enlarged by an additional residual width b , leading to an 
effective width in the medium b „ : 
eff 
b .. = b + b . (3.4) 
eff res 
For the effective initial length a similar relationship has been 
formulated: 
Í „ = I + Л , (3.5) 
о eff о о res ' ' 
with A the actual distance between the tabs just before the onset of 
a load and I a residual initial length. 
о res ^ 
The following values had been found for the LL experiments: 
the residual initial length i - ή s π™ 
ο res -
 ь
·
3 m m
> 
the residual width along the tibial axis b // = 0 mm 
and perpendicular to this axis b ι
 =
 8.6 mm. 
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Since the residual length has been attributed to the attachment of the 
tabs to the mediun with the double sided adhesive tape this value will no 
longer be correct when using a cyanoacrylate adhesive. Furthermore the 
residual width is dependent on the angular distribution of the fibres; 
along and across the main axis of the leg this width differs. It is known 
that after a large deformation has been applied to the skin, the angular 
distribution of the fibres has changed (Craik and McNeil, 1965). For these 
reasons it is necessary to determine the effective dimensions in the HL 
experiment too. First, the determination of the thickness of the skin will 
be discussed (section 3.3.2). Next, in section 3.3.3 and 3.3.4 the 
effective dimensions will be investigated. In section 3.3.5 the results 
will be discussed and the definitions of the effective stress and effective 
strain will be given. 
3.3.2. The thickness of the skin 
Stress is defined as the force divided by the cross-sectional area on 
which it acts (eq. 2.1). The cross-sectional area is equal to the effective 
width multiplied by the actual skin thickness. 
In vitro the thickness can be determined e.g. by a micrometer. For the 
determination of skin thickness in vivo, several techniques are available, 
e.g. X-ray (Black et al., 1969), skin fold measurements (Finley et al., 
1971) and pulsed ultrasound (Alexander et al., 1979). Skinfold measurements 
are not very accurate and are almost impossible to use for the skin of the 
calf. Although the radiological technique allows an accurate measurement of 
skin thickness, it has obviously drawbacks in terms of X-ray exposure and 
expense. Several reports on the application of the pulsed ultrasound method 
(Tan et al., 1981a,b), including validation work, have shown that the 
ultrasound technique is as accurate as the X-ray technique. Therefore we 
have adopted the echo technique. 
The experimental set-up and a typical received waveform are shown in 
fig. 3.5. The ultrasound probe is a broadband 10 MHz polyvinylidene 
fluoride (PVDF) transducer as described by Payne et al. (1982) and by Payne 
and Quilliam (1983). The resolution that can be achieved using such a 
transducer in a skin thickness ultrasound system is better than 0.05 mm. 
The ultrasound transducer is placed in a water filled cup, which is held 
against the skin. The length of the water column is about equal to the 
focal length (3.8 cm) of the transducer, thus assuring optimal echoes. The 
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echoes received from the various interfaces are displayed on an 
oscilloscoop screen (A-mode). 
Fig. 3.5 
Schematic representation of the experimental set-up in measuring 
skin thickness by using the ultrasound technigue. 
The first major echo is related to the water/skin interface. 
Thereafter, a number of small echoes can be observed originating from 
reflections at various levels of the inhomogeneous dermis. The 
dermal/sub-dermal junction is indicated by a second large echo and by a 
transition of the 'noisy' signal from the dermis to the rather 'noise free' 
signal which is received from the more homogeneous (compared to the dermis) 
fatty layer. Other echoes can be seen thereafter (e.g. from the fat/muscle 
interface) (not shown in fig. 3.5). 
Skin thickness d is given by: 
d = 
t χ ν 
о s 
in which t the time between the echoes received from the water/skin 
and dermal/sub-dermal junction and ν the velocity of sound in the 
-1 s 
skin. A value of 1540 ms is substituted for ν . This value was found by 
Goans et al. (1977) and by Bhagat et al. (1980). The latter found a 
a decrease in velocity to 1520 ms" (about 1Й) in older skin. This is not 
relevant to our experiments. 
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In order to obtain a reliable value for the skin thickness the 
measurement is performed at least three times. The accuracy with which skin 
thickness is determined in this way is about 0.1 mm. A typical value found 
for the thickness was 1.2 mm. 
3.3.3. The width of the skin strip 
The involvement of the tissue adjacent to the strip of skin directly 
enclosed by the tabs may increase with the distance (A ) between the 
' о 
tabs, so b
r e g (eq. 3.4) c an be expected to depend on •>· As long as 
the actual width of the tabs b is not too small (in comparison to A ), 
the involvement of the tissue on one side of the tabs will not be 
influenced by the tissue on the other side. Therefore it can be expected 
that b will be independent of b. Following these assumptions 
b has been determined in a series of experiments. 
res
 r 
The strain ε can be described by a (nonlinear) function f of stress: 
ε = Γ(σ) . 
The inverse relation, substituting equation 3.4 into the definition of the 
(effective) stress (2.1), is: 
_ _ ^ _
 d . f - i ( e ) ( 3 . 7 ) 
res о 
Equation 3.7 shows that in experiments with different widths b, but a 
constant A (and so b ) a linear relationship between the force F 
о res 
(at equal strains ε) and b will result. The findings of such 
HL-expenments, with an initial tab distance X of 5 mm are shown m 
о 
fig. 3.6 for the two principal directions of the leg. 
Similar graphs were found for other initial distances between the tabs. 
The values of b in the HL experiments, obtained from the 
res ^ ' 
intersection of the regression line with the b-axis, did not deviate 
significantly from zero in both directions for all tested initial distances 
A (5, 8 and 10 mm), nor was there any dependence on ε. 
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Fig. 3.6 
Force F versus width b for the skin. Tab distance 5 mm. 
: along the main axis of the leg, strain 10V 
: across the direction of the main axis, strain 20%. 
3.3.4. The length of the skin strip 
The effective length of the stressed skin strip is equal to the sum of 
the effective initial length 1
 e
ff and the effective deformation 
ΔΑ ... 
eff 
The effective initial length of the skin strip differs from the 
initial distance between the tabs when attaching the tabs to the skin by an 
adhesive tape. The effective point of application in the medium is in that 
case somewhat behind the edge of the tab. It can be expected that this 
effect will be small using a cyanoacrylate adhesive, since the skin is 
attached firmly to the tabs even at the edges. In order to investigate the 
effect of the adhesive (Л
 r e s
) one can assume that the attachment of 
one tab to the skin is independent of the distance at which the second tab 
is positioned; i.e. A
 r e a
 is independent of A (eq. 3.5). Following 
this assumption, A
 r e s
 can be determined from a series of experiments 
(small deformations) with different initial distances A0. In this way it 
was found that the residual initial length A
 r e g equals zero using a 
cyanoacrylate adhesive. 
The effective deformation of the skin ΔΑ eff differs from the 
displacement detected by the displacement transducer ΔΑ) tr' This 
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difference is caused by two effects: first a (small) deformation of the 
apparatus and second an unequal straining of the skin all over its 
thickness. 
The deformation of the apparatus ΔΑ equals the difference in 
^
r
 app ^ 
the detected displacement ДА. and the displacement of the tabs ΔΑ: 
ΔΑ = ΔΑ, - ΔΑ . (3.8) 
tr app 
The value of ΔΑ can be determined in a separate experiment in which 
app r r 
the tabs are attached firmly to a metal plate. In this case the 
displacement of the tab equals zero and the detected displacement is 
ΔΑ . It was found that Δ* is linearly dependent on the applied 
force: the slope is 5 μηιΝ~ . The detected displacements are corrected 
by this value and the true displacements of the tab are obtained (eq. 3.8). 
The second effect results in an increase in length of the deeper 
layers which is less compared to that of the surface (fig. 3.7). This 
effect can be described by a residual displacement ΔΑ : 
^ res 
ΔΑ ,. = ΔΑ - ΔΑ . (3.9) 
eff res ν-'·'/ 
I, 
/Y 
tab 
// ' 
'- / /"Ά 
b. 
Fig. 3.7 
A representation of the cross-section of the skin in an uniaxial 
strain experiment, a. relaxed situation; b. strained situation. 
The quantity AA
e f. f represents the effective (mean) increase in length of 
the whole medium. The lag of the lower layers will depend on the connection 
between the different layers. The extent of this lag (i.e. 
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ΔΑ ) will therefore depend on the force excerted on the connection 
and not on the deformation or on the initial length of the skin strip. This 
assumption offers a means to determine ΔΑ . Since the effective 
A*eff r e S 
strain ε equals -5 , one can derive (using eqs 3.6 and 3.9) 
I f(o) = ΔΑ - ΔΑ , 
о res' 
(3.10) 
in which ΔΑ depends only on the applied force F.; N.B. σ = τ- .. 
res eff 
Equation 3.10 shows that in experiments on the same subject (constant 
d) with different A but a constant b, a linear relationship between ΔΑ 
(at equal forces F) and A
o
 will result. The findings of such 
experiments, with a tab width b of 10 mm, are shown in fig. 3.B for six 
values of the stress σ. Similar graphs were found for a tab width of 5 mm. 
• lo (mm) 
Fig. 3.B 
Displacement versus original length for a = 3 χ 10^Nm~2 and 
the regression line (thick line (no: 3)). The thin lines are 
regression lines of similar graphs for a = 1,2,4,5,6 χ 105Nnr2. 
Tab width 10 mm. Measuring direction along the tibial axis. 
From the linear regression lines a value for Δ Α ^
 b e l o r l g l n g t o t h a t 
particular stress magnitude was found. The results are depicted in fig. 
3.9. It shows that for both sets of experiments (b = 5 and 10 mm) ΔΑ 
с
 ? res 
increases linearly with the stress for 0.03 mm per 10 Nm . 
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Fig. 3.9 
Д і
г е а
 versus σ plots for two values of the width of the tab. 
In using this value for the correction of M (eq. 3.9), one has to 
bear in mind that it has been derived from experiments on the same subject 
(skin thickness 1.3 mm). The comments made with respect to fig. 3.7 make it 
likely that hi depends on skin thickness. This has been confirmed in 
experiments on a second subject with an other skin thickness (0.9 mm). 
Furthermore, ΔΑ arises from the lag of the lower skin layers with 
respect to the tabs at the surface. This implies that the 
ΔΑ -correction might depend on the fibre stiffness too, аз the fibres 
are most probably the only load transferring connections between the upper 
and the lower layers. For these reasons, the relationship between the force 
and Δ£ should, ideally be measured for every subject. However, the 
establishment of ál demands a large number (20-30) of experiments 
per subject. Clearly such a procedure cannot be included in the standard 
experiment, nor is it possible to determine ΔΛ for a great number of 
subjects. For that reason a linear dependency of ΔΑ on skin 
thickness and force will be assumed. With the results of fig. 3.9 
(subject's skin thickness 1.3 mm) the following relation for ΔΑ was 
postulated: 
ΔΑ r 2.3 χ 10" χ d χ a (mm), 
res 
(3.11) 
where skin thickness d is given in millimeters. This relation was tested on 
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5 subjects. Two experiments were performed on each subject: one with an 
initial tab distance of 5 mm and one with a distance of 10 mm. The results 
showed that for each subject the two stress-strain curves almost coincided 
after the ài correction (3.11). From here on relation 3.11 will be 
used for the ΔΑ correction (eq. 3.9). 
The effect of the correction of ài 
app and ài on the 
res detected displacement Δ Λ ^ is illustrated in fig. 3.10. Fig. 3.10a 
shows that different initial tab distances in experiments on the same piece 
of skin results in different skin stiffness curves if the data are not 
corrected. Using the corrected data the stiffness curves are almost the 
same (fig. 3.10b). Clearly the correction on the detected displacement is 
necessary in the case of large loads in order to measure skin properties 
independent of the measuring configuration. 
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Fig. 3.10 
Stress-stiffness curves for some different values of the initial 
distance U 0 r 3, 5, and 10, mm) and computed from: 
a: the uncorrected displacement; b: the corrected displacement. 
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3.3.5. Discussion 
A b value larger than zero indicates that in the uniaxial 
res
 ч 
strain experiments also the skin adjacent to the skin strip directly 
enclosed by the tabs is involved. Such an involvement can be understood 
from the angular distribution of the fibres in the skin. In the skin of the 
human calf the preferential direction of the fibres almost coincides with 
the main axis of the leg. Consequently, in the LL experiments in the 
perpendicular direction most of the fibres which are involved have a strong 
connection with the area beside the strip enclosed by the tabs, resulting 
1 П a
 Ь value different from zero. In the HL experiments b 
res
 r
 res 
equals zero in both directions, even for small deformations. From this 
result it can be concluded that applying a high preconditioning load to the 
skin the fibres do not only line up into the direction of stress but also 
remain in their new orientation. Microscope studies by Craik and McNeil 
(1965) support this conclusion. 
In order to obtain a configuration independent stress strain 
relationship, i.e. a relationship that reflects only properties of the skin 
itself, the displacement of the tab (ΔΑ) should be corrected with a small 
value ΔΑ , which depends on the applied load. Since ΔΧ arises 
res
 r K r
 res 
from the stretch of the (fibre) connection between the upper and lower 
layers, it is possible that relation 3.11 is no longer correct in the case 
of a pathological skin. In that case an extremely weak (or stiff) skin will 
result in an under-estimation (c.q. overestimation) of ΔΑ 
4
 res 
Consequently the stress-strain relationships corrected for ΔΑ from 
relation 3.11 will be too 'weak' (c.q. too 'stiff'). Hence the corrected 
data of the pathological skin can only result in a greater difference to 
the normal group than the uncorrected. 
In summary, the definitions for stress a and strain e are 
and 
in 
u = 
e = 
which 
d
 *
 b
eff 
M
e f f 
: b
e f f = b + 
* eff = * o e r r 0 
b, 
+ 
res 
A
Qres 
and uA
e f f = AA t r - ΔΑ3ρρ - ΔΑ 
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The following values will be used in the LL experiment (adhesive tape): 
b = 1 5 m m , b / / = 0 and b.^„| = 8.6 mm, 
' res// res-L 
l - 15 mm and A _ „ = 6.5 mm, 
o ,ores 
ΔΑ = 5 χ 10 x F (mm) and ΔΑ = 0, 
app res 
and in the HL experiment (cyanoacrylate adhesive): 
b = 10 mm and b = 0 , 
res ' 
A = 5 mm and A = 0 , 
о -ores ' η 
ДА = 5 χ 10 χ F and ΔΑ = 2.3 χ 10" χ d χ σ (mm), 
app res _„ 
with skin thickness d in mm and σ in Nm~ 
3.4. Signal Analysis 
3.4.1. Introduction 
The preceeding sections describe how the load-elongation curve is 
generated, measured and consequently transformed into a, configuration 
independent, stress-strain relationship. In such a relationship all 
viacoelastic properties of the skin are present. In this section the 
parametnzation of the viscoelastic behaviour will be discussed. As in the 
studies of skin properties for small deformations (Vlasblom, 1967; Wijn, 
19Θ0 and Jagtman, 1983) Burgers' model will also be used for large 
deformations. 
In order to study the dependency of the different viscoelastic 
parameters on stress the responses on pulse shaped loads will be analyzed 
(section 3.4.2), since these responses offer a simple parameter 
determination. Thereafter (section 3.4.3) the results will be used for the 
description of and the correction for the time dependent effects in the 
response to a saw-tooth shaped load (HL-expenment). After this correction 
the purely elastic stress-strain relationship is obtained. 
3.4.2. Characterization of the viscoelastic behaviour 
The skin exhibits a viscoelastic behaviour (fig. 2.2). In chapter 2 it 
was stated that m the response of the skin to a pulse shaped load three 
regions can be distinguished. Each of these regions can be characterized by 
a segment of Burgers' model: the instantaneous deformation ε by a 
serial spring E , the delayed elastic deformation e by a spring E and a 
s b ρ 
dashpot η in parallel and the permanent deformation e by a serial 
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dashpot η . 
In this section the dependency of the delayed elastic deformation 
ε, and the purely viscous deformation ε on the stress will be 
described. This dependency has been studied in a separate set of 
experiments using pulse shaped loads of different magnitudes. The maximal 
load values were comparable to those used in the HL experiment. 
The purely viscous process 
The differential equation governing a purely viscous process equals: 
dt (t) 
σ α ) = η
9 - ^ ·
 ( 3
·
1 2 ) 
In the experiments the load durations Τ are short (10 s). Hence the 
assumption is made that during one loading cycle η is independent of 
time. For a pulse shaped stress, a(t) - a (a constant) for 0 < t < Τ and 
a(t) = 0 otherwise, the solution of eq. 3.12 is: 
ε (t) = t — for 0 < t < Γ (3.13) 
c η3 
and 
e (t) = Τ — for t > T. 
The dependency of η on stress can be investigated by comparing 
the permanent deformations e (τ) for different magnitudes of a. The 
determination of the permanent deformation from the difference in 
strain-level just before loading and at the end of the interval time (20 s 
after loading) (fig. 2.2) is rather inaccurate. It is better to use the 
cumulative permanent deformation e' which is defined as the 
ci 
difference in strain level at the end of the interval of the ι load 
(σ ) of a series and the strain level just before the first loading 
(see e.g. fig. 3.4): 
e
ci = Σ e c i ( T ) · ( 3 · 1 4 ) 
C
 J=1 C J 
In fig. 3.11a the cumulative permanent deformation ε' is shown as a 
CI 
function of the cumulative stress I a for the range of stresses as used in 
the LL experiment. Fig. 3.11b gives the same for the HL experiment. 
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Fig. 3.11 
The cumulative permanent deformation as a function of the 
cumulative stress, a: for the LL experiment, and b: for the HL 
experiment. 
From these results it can be concluded that a linear relationship 
exists between the permanent deformation and the load in both experiments. 
The same has been found by Vlasblom (1967) in his torsion experiments. The 
coefficient of viscosity T)gcan be determined from the slope of the 
linear relationship (cf. eq. 3.13 and З.П). The intersection ε of the 
о 
regression line with the ε ' -axis in case of large loads is considered 
to be a measure of the preconditioning effect. 
By increasing the number of loading cycles even further, (the 
6 -2 
cumulative stress beyond 3 χ 10 Nnf ) it was found that the cumulative 
deformation approaches a constant. 
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The delayed elastic process 
The differential equation for a spring (E ) and a dashpot (η 
in parallel (a Kelvin/Voight solid) is: 
dzAt) 
ait) = E
n
eh(t) + n — я р - · (3.15) 
ρ b ρ dt 
If the coefficients of elasticity E and viscosity η are time 
Ρ Ρ 
independent, the response of such a system on a pulse shaped stress a is: 
^t) = Z- [1 - exp (- £)) for 0 < t < Τ (3.16a) V 
and 
ε (t) = !- (1 - exp ( - i·)) exp (- ~ ) for t > Τ . (3.16b) 
Ρ 
η 
In these equations the time constant τ equals •=-•- . The exponential 
functions fit the delayed elastic process well, both during loading and 
unloading; however the parameters 'up' differ from 'down'. 
A comparison of the strain amplitudes e (defined as 7 ^ ) for 
different magnitudes a of the stress (fig. 3.12a) indicates that the 
delayed elastic process behaves very nonlinear. This nonlineanty can be 
described adequately by the logarithmic equation as given in eq. 2.9: 
e b = J - An (1 + E ^ ) (3.17) 
pd pd 
Here E . is the initial coefficient of elasticity and к . is the pd pd 
coefficient of nonlineanty. An index d is added in order to indicate that 
the delayed elastic deformation in the 'down' phase was considered. 
The fit of this relationship to the experimental results is 
represented by the continuous line in fig. 3.12a. In fig. 3.12b the 
parameter E is given as a function of the stress. The theoretical 
curve, which resembles a straight line, is given by E = — , with e. as in 
eq. 3.17. b 
The time constant τ was found to be independent of stress. 
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Fig. 3.12 
Delayed elastic process 'down' as a function of the stress. The 
continuous line represents the fit by using a logarithmic 
relation, a: deformation; b: spring constant Epj. 
3.4.3. Determination of the purely elastic stress strain relationship in 
the HL experiment. 
The results of the preceding section will be used in this section for 
the description of the viscoelastic responses £h(t) and e (t) during a 
saw-tooth shaped loading (HL experiment). The purely elastic deformation 
e (t) can be obtained then from the total sawtooth response by sub­
traction. 
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Correction for the purely viscous process in the HL experiment 
Since the parameter T) S of the purely viscous process may be 
considered to be a constant during the HL experiment, except for the first 
preconditioning load of the series, the solution of eq. 3.12 in case of a 
sawtooth shaped load (a(t) = γ t for 0 < t < Τ and a(t) = 0 for t > T) is: 
ε (t) = -1
 T — t
2
 for 0 < t < Τ (3.18a) 
'cr
v
 ' " 2 Τ η 
and 
ε (t) = 5-- . Τ for t > Τ . (3.18b) 
СГ Ζ η 
s 
An index 'г' is added to distinguish this saw-tooth ('ramp') response from 
that of a pulse response (eq. 3.13). Note that, by comparing eq. 3.13 with 
eq. 3.18b, the permanent deformation ε
ε Γ
 resulting from a saw-tooth 
shaped load with a maximum of σ is equal to that of a pulse shaped load of 
the same duration but with a magnitude of 1/2 σ. The value for η 8 is 
determined from the slope of the relationship between the cumulative 
permanent deformation Σ e
c r
(T) and the cumulative stress (Σ σ). With this 
the total saw-tooth response can be corrected for the purely viscous effect 
at every instant during loading (eq. 3.18a). 
Correction for the delayed elastic deformation in the HL experiment 
The differential equation for a spring and a dashpot in parallel, 
equation 3.15, can be rewritten: 
o(t)
 m
 d e b ( t ) 
eu(t) + τ -E - b b v w T ' dt » 
Ρ 
where - = — , may be (e.g. for a saw-tooth shaped stress) a function of t. 
Ρ 
Since, for human skin, τ was found to be independent of the stress the 
general solution equals: 
e b(t) = 1 exp (- Ϊ-) ƒ [ψλ exp (I)} dt (3.20) 
ο ρ 
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For human skin the function —ψ— is given by the logarithmic equation 
3.17. For a 'ramp' load relation 3.20 becomes: 
ebp(t) =1ежр (-І) ƒ (if-Än(l + JÇL f ζ ) е х р ^ } α ζ , 
о pd pd 
for 0 < t < T. 
With some substitutions and rearrangements the integral can be solved (p.93 
and p.927 of Gradshteyn and Ryzhik, 1965). This leads to: 
E b r ( t ) = Γ - Α η (1 + Bt) {1 - exp (- ~ ^ ) } 
pd 
r 1 r l+Btì Г f1 i" (1 + Bt) n -1η , _ „ . .
 τ 
- t exP i" -ВТ-) ^ k l ^П ] f o r 0 < t < Τ , 
pd η=1 
к . 
with В = ^ γ . (3.21) 
Pd 
ι 
Note that for t = Τ (i.e. c(t) = σ) the term -r— An (1 + Bt) is equal to 
the amplitude e^ , of the delayed elastic ргосйв (cf. eq. 3.17). With 3.21 
the delayed elastic deformation at every instant during a saw-tooth shaped 
loading can be calculated, if the parameters τ, Epjj and kpj are known. 
In the HL experiment these parameters are determined as follows. First, the 
time constant is obtained from the average T U of the responses to the 
series of six pulse shaped loads immediately succeeding the four saw-tooth 
shaped loads. Second, the parameters Epj and kpd are obtained by 
fitting the logarithmic relation 3.17 to the six e^ values, determined 
from the six pulse responses, and to the four strain amplitudes e^ of the 
delayed elastic deformation after the saw-tooth shaped loads. However, 
these last four amplitudes (cf. 3.17) cannot be determined directly from 
the measured value еьг(Т) in the experiment, since in that case, 
according to eq. 3.21, the parameters kpj and Epj have to be known. A 
reasonable estimation of e^ can still be made since it can be calculated 
that, at time Τ and with parameter values of Epj and kpj in the range 
as found for human skin, the term between square brackets in 3.21 is small 
(less than 10% of ε. (Τ)). Furthermore it appears that exp f 1 is a fair 
1 + Bt 
approximation of exp (- —JT ) . Consequently the amplitude e can be 
approximated by 
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E h r ( T ) 
or (1 - exp - — ) 
Once the parameters have been determined, relation 3.21 is used to 
correct the total response at every instant t for the delayed elastic 
deformation (a summation of the first 10 terms in 3.21 is sufficient). The 
error made by the approximation is mainly reflected in kpj (< 10й), since 
the initial stiffness Epj is determined by the £5 values for small 
loads (i.e. the pulse responses). The maximal error in the correction is 
equal to the error in ε^ (< IOS). 
3.4.4. Comparison between theory and experiment 
In the preceding sections specific functions have been identified to 
describe the time dependent mechanical properties of human skin. For the 
description of the purely viscous process a single parameter r\s 
representing a linear dashpot can be used. The delayed elastic deformation 
as a function of time is characterized by a stress independent time 
constant τ . The amplitude is described by two parameters, Epj and kpj, 
in a logarithmic function of stress. 
With this information the time dependent processes during a saw-tooth 
shaped loading could be specified (eq. 3.1Θ and 3.21). The validity of 
these descriptions was tested still further in a separate set of 
experiments in which saw-tooth shaped stresses with different durations 
but equal rates were applied to the skin. In this way the deformations at 
different times during a saw-tooth shaped loading were in fact measured. 
10 (sec) 
Fig. 3.13 
Purely viscous deforma­
tion as a function of 
time during a saw-tooth 
shaped load. 
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Fig. 3.14 
Delayed elastic deforma­
tion as a function of 
time during a saw- tooth 
shaped load. 0 subject 1; 
X subject 2. 
In fig. 3.13 the results are shown for the purely viscous process and 
in fig. 3.14 those for the delayed elastic deformation (two subjects). 
These figures indicate that the theoretical predicted behaviour from eq. 
3.15 and 3.1Θ corresponds well to the observed data. 
Correction of the total deformation of the saw-tooth response at every 
instant during loading for the time dependent processes results in a purely 
elastic stress strain relationship. This relationship represents the purely 
elastic process 'down', since the delayed elastic process is described by 
the parameters Epj and 
'pd- In fig. 3.15 two purely elastic 
stress-strain curves have been drawn; one from a measurement along the 
tibial axis of the leg and another from the perpendicular direction. The 
corresponding stress-stiffness relationships can be seen in fig. 3.16. 
In the LL-expenment a logarithmic stress-strain relationship for the 
purely elastic deformation can be used (Wijn, 1980). Indicative for such a 
relationship is a linear increase in stiffness as a function of the stress 
(eq. 2.Θ). From fig. 3.16 it can be concluded that this is not true for 
high loads: the increase in stiffness is larger at lower stress levels, 
while for high stress values the stiffness seems to level off toward a 
constant value. Hence, a logarithmic relationship cannot be used for the 
description of the mechanical properties of human skin for large 
deformations. 
Ι ι 
Fig. 3.15 
Purely elastic stress-strain relationships. 
2r 
(10'Nml 
05~ 
Fig. 3.16 
Purely elastic stress-stiffness relationships. 
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3.5. Factors influencing the measurements 
3.5.1. Introduction 
In this section the influence of some factors on the experimental 
results will be discussed. These factors are succesively: preconditioning 
(3.5.2), posture (3.5.3), location and direction (3.5.4), indentation of 
the tabs (3.5.5) and the subcutaneous layer (3.5.6). 
3.5.2. Preconditioning 
The preconditioning of a soft tissue is a term introduced by Fung 
(1972). This term refers to the procedure of repeating a certain loading 
cycle until a stable response is reached. In the in vivo experiments (HL 
experiments) this stable response is almost reached after a first loading 
cycle. The observed response during the first (preconditioning) loading 
cycle in the HL experiments gives some indication of which process plays a 
dominant role in the preconditioning process. 
A typical property of the preconditioning (see fig. 3.4) is the rather 
larger permanent deformation, which is still present after 5 minutes of 
unloading. The delayed elastic behaviour is not different from those 
obtained from the stable responses (second and subsequent loads). Therefore 
the main character of the preconditioning is probably a purely viscous 
one. A second indication for such a viscous character can be found by 
considering the initial part of a saw-tooth response to a preconditioning 
load. Defining the strain as zero before each loading cycle, this initial 
part is very different from those of the subsequent responses (fig. 3.17). 
Such a response on a saw-tooth shaped load is characteristic of an 
overdamped mass-spring system. Since the friction in the apparatus is very 
low, a high friction during the initial loading has to exist in the skin. 
Again, this can be explained by the behaviour of the fibres in the skin. 
During the first loading the fibres line up in the direction of stress. 
This movement of the fibres through the ground substance causes the high 
friction. Since the bulk of fibres remain orientated after loading, 
resulting in a permanent deformation, this process happens just once and 
only a small friction (5 Nsm , see section 3.2.1) in the mass-spring 
system rests in the subsequent loadings. 
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Fig. 3.17 
Stress-strain relationships as observed during the first four 
loading cycles in the High-Load experiment. 
In this thesis the preconditioning process has not been investigated 
in detail. The main interest has been focused on the responses to the 
second and subsequent loads, which are almost the same. However, a 
parameter indicative for the preconditioning process is determined in the 
HL experiment. This parameter e 0 (see section 3.4.2., fig. 3.11) is a 
measure of the increase in volume of the piece of skin due to the fibre 
orientation. In chapter 7 we will return to the problem of preconditioning. 
3.5.3. Posture 
To study the influence of posture on the mechanical behaviour of the 
skin of the human calf a number of experiments were performed on subjects 
with the leg in an elevated position and with the foot in dorsal flexion 
and exorotation. 
Neither elevation of the leg for 20 cm, nor exorotation of the foot 
did influence the results. A slight stiffening of the skin along the tibial 
axis was found in some of the subjects with the foot in dorsal flexion. 
This can be explained by the fact that the flexion causes some 
pre-stressing of the skin of the calf. Stretching the skin for a few per 
cent is sufficient to result in such a stiffening. The stiffness values for 
these subjects with the foot in dorsal flexion were less reproducible as 
those obtained with the foot in a relaxed position. Consequently all the 
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tandard experiments are performed with the leg and the foot positioned in 
uch a way that the leg- and foot-muscles of the subject are relaxed. 
.5.4. Location and direction 
Skin stiffness at different sites on the human body may show 
onsiderable differences (Sodeman and Burch, 193Θ; Gibson et al., 1969; 
lijn, 1980). Forearm and abdominal skin are less stiff than lower leg 
ikin. In our experiments all tests were performed on the skin of the calf. 
lith the subject in a supine position the investigated skin area was 
ocated at the center of the lowest part of the calf. Here the calf is 
elatively flat. A number of experiments were done in which the test area 
las displaced by some centimeters with respect to the ideal position. In 
ione of these measurements a significant difference in the stress-strain 
•elations was noticed. 
The skin of the calf has distinct anisotropic properties, in the LL 
ixperiments along and across the tibial axis only insignificant errors are 
introduced if the measuring direction deviates less then 10 degrees from 
.he correct direction (Manschot et al., 1982). 
From measurements in different directions using high uniaxial loads it 
:an be concluded that for the HL experiments the measuring direction may 
leviate up to 45 degrees from the direction parallel to the tibial axis 
iithout affecting the results. This can easily be understood, considering 
.hat the fibres orientate to the direction of the applied stress, as long 
ÍS the angle between the fibre direction and the measuring direction is not 
;oo large. Since in the skin of the human calf the preferential fibre 
iirection runs almost along the tibial axis, it can be concluded that the 
naximum angle of orientation is at least 45 degrees. Furthermore this 
naximal angle has to be less than 9(5' degrees, since the properties of the 
»kin of the two perpendicular directions, along and across, differ 
:onsiderably. Scanning electron microscope studies (Finlay, 1970; Brown, 
1971) indeed show that a load which makes some angle with the fibres causes 
ïn orientation into the load direction. Moreover, a load applied 
jerpendicular to the orientation of a fibre layer tends to separate, rather 
:han orientate, the fibres within the layer. 
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3.5.5. Indentation of the tabs 
In the standard experiments the tabs indent the skin by about 1/2 mm 
(section 3.2.2). A variation of the indentation depth from zero (with the 
tabs at the skin surface level) to about 2 mm did not show any significant 
change in the observed stress strain relationships, neither in the LL 
experiments, nor in the HL experiments. 
3.5.6. The subcutaneous layer 
A relative displacement of the tabs stretches not only the skin but 
stretches and shears also the subcutaneous layer. For this subcutaneous or 
fatty layer Young's modulus is less than 1 χ 10^ Nm~2 (Vlasblom, 
1967). This means that, although the thickness of this layer (as measured 
using the ultrasound technique) amounts to 5 times the skin thickness, the 
influence of stretching the subcutis may be neglected in the uniaxial 
strain measurements. Moreover, since the subcutis may be supposed to have a 
fixed lower surface, the effective stretching is even less. Consequently 
the influence of the subcutaneous layer could only result from shearing 
this layer. 
Vlasblom (1967) has determined extensively, both theoretically and 
experimentally, the extent of the repelling forces caused by shearing of 
the fatty layer in 'sliding' experiments on the arm. At this site these 
forces may be neglected compared to those required to stretch the skin. For 
the human calf the fatty layer is about five times thicker than that of the 
arm. Hence the shearing effect, which is proportional to the ratio of the 
displacement at the surface and the layer thickness, may be neglected in 
the calf too. 
In addition to this, uniaxial strain measurements at the calf were 
performed with just the movable tab attached to the skin. In applying 
forces to the tab will displace the skin but hardly strain it. Because of 
the resulting large displacements the shear of the subcutis is considerable 
and the measured stress-displacement relationship will reflect mainly the 
subcutis properties if they are present at all. It was found that large 
deformations (up to 3 mm) were induced by small forces (less than 1 N). 
From these experiments the conclusion could be made that in the standard 
experiments maximal 5% of the total force applied is required to shear the 
subcutis. This effect is probably considerably less, since in the 
- 59 -
experiment without a fixed tab the skin itself is still strained to some 
extent. From the measured stress-displacement curves stress-strain curves 
could be computed which were, assuming a(n) (virtual) initial length of 
about 40 mm, quite comparable to those curves obtained from the standard 
experiments. This indicates that even in these experiments with just the 
movable tab attached to the skin, the properties of the skin may play the 
predominant role. With respect to the dimensions of the leg a natural 
distance of 40 mm is not unlikely. On the contrary, this value is 
comparable with the radius of the 'natural guardring' (45 mm) as found by 
Wijn (19B0) in his torsion measurements. 
In suTimary one can conclude that in uniaxial strain experiments in 
vivo the subcutaneous layer does not influence the results. 
3.5.7. Overall reproducibility 
An impression of the reproducibility of the experiments was obtained 
by comparison of the deformation curves from a number of attachements of 
the apparatus to the skin. It was found that those curves varied from each 
other for about 10%. 
In experiments along the direction of the tibial axis the 
reproducibility is even better than 90%. In the perpendicular direction the 
reproducibility is worse. This is due to the shape of the calf and the low 
skin stiffness. The skin tends to loosen from the edges of the tabs in case 
of large deformations. As a result the initial length of the skin strip is 
no longer correct. This effect causes an apparent shift of the stress 
strain relation along the strain axis. Such a shift explains the rather 
large deviations in the data for the determination of the residual width in 
the perpendicular direction (fig. 3.6). The long term reproducibility, the 
reproducibility during a longer time period (some months) is affected by 
the seasonal dependency of the skin properties and will be discussed in 
section 5.3. 
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CHAPTER 4 
A STRUCTURAL MODEL FOR THE PURELY ELASTIC PROPERTIES OF THE SKIN 
4.1. Introduction 
In the preceding chapter it was described how the mechanical 
properties of human skin in vivo can be determined using high uniaxial 
loads. Furthermore a method has been presented to obtain the purely elastic 
stress-strain relationship by correcting the experimental data for time 
dependency and for effects originating from the (in vivo) measuring 
configuration. Such a relationship can be guantified by a mechanical model, 
which can be of a phenomenological or of a structural nature. Since, the 
latter offers a number of advantages (section 2.4.2)., e.g. a physical 
interpretation of the parameters, the structural approach has been given 
the preference. 
In this chapter considerations which have lead to the choice of the 
specific model and the model's formulation will be presented (section 
4.2). In section 4.3 this model will be discussed and compared with 
experimental data. 
4.2. The model 
4.2.1. Considerations 
Within the structural approach one can depart from the assumption that 
the originally undulated collagen fibres do not transmit any force so long 
as they are not fully straight. In such a view the initial skin stiffness 
has to be explained either by the stiffness of the elastin fibres or by the 
stiffness of some of the collagen fibres. The latter implies that some of 
the collagen fibres have to be straight already at the onset of 
stretching. This is not likely since it would mean that in the uniaxial 
strain experiments these initially straight fibres become stretched up to 
20% or more, which is far beyond the rupture strain of collagen (not over 
10%). On the other hand, the initial coefficients of elasticity found in 
the skin are too high to be based solely on elastin. The values for the 
6 —2 initial stiffness of normal subjects are about 0.1 to 2 χ 10 Nm 
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(Wijn, 1980; Jagtman, 1983). Young's modulus for elastin is about 3x10 Nm 
(section 1.3.3). Since the skin contains only a few per cent elastin, the 
4 -2 
modulus of elasticity would be at most 1 χ 10 Nm if only elastin was 
involved. In addition, the waviness of the collagen fibres can only partly 
be induced by the elastin fibres (section 2.4.2). 
For these reasons a model has been adopted which is based on the 
assumption that for unwinding each of the originally undulated fibrils an 
increasing stress is needed (like a corrugated metal wire). The waviness is 
an intrinsic property of the collagen fibril itself. Rigby et al. (1959) 
reported that rat tail tendon fibre bundels could be separated by gentle 
teasing into parallel subumts, which showed the same waviness as the 
intact bundles. They further pointed out that the strain required to 
straighten out this waviness would be much greater than found experimental­
ly if the structure was helical. Micrograph studies on fibre bundles of 
tendon (Vndik and Ekholm, 1968; Vndik, 1972 and Diamant et al., 1972) did 
not provide any evidence for a helical arrangement. Since it is not likely 
that a sharp kinking exists in vivo (Vndik, 1980), modelling the tendon 
fibrils in a planar sine wave form seems to be the most appropriate. 
Vfrien one deals with network structures, such as skin, the position is 
less clear. Here two stages of deformation may occur, one due to the 
stretching of the network, the other due to that of the fibres forming the 
network. On the ground of microscope studies with respect to the 
orientation of the collagen fibres into the direction of stretching (e.g. 
Craik and McNeil, 1965) and on the ground of experimental data, the 
assumption can be made that after a preconditioning cycle the collagen 
network is deformed in such a way that the skin may be represented by a 
number of parallel aligned collagen fibres (see also section 3.3.5 and 
3.5.4). Hence, the unwinding and the stretching of the skin fibres in such 
a situation is similar to that of the tendon fibres. 
4.2.2. Formulation 
The collagen fibrils in the skin are considered to behave like elastic 
springs with a periodic corrugation. The corrugation is given by a planar 
sine waveform and the material of the spring (the collagen) is assumed to 
be linear elastic. Such a model has been described by Comnmou and Yannas 
(1976), who did however not compare the model with experimental data. 
Although their model has been developed for the description of tendon 
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mechanics, it is essentially the same as the one presented in this chapter 
and the reader is referred to their paper for a detailed derivation of the 
mathematical expressions. 
In the relaxed situation (schematically depicted in fig. 4.1a) the 
waveform is given by: y = a sin (bx). The length L of the fibril is 
considered to be long in comparison to the wavelength λ ί=^- ì. The maximal 
о
v
 b ' 
slope of the relaxed sinusoidal wave is tg θ = ab. 
Fig. 4.1 
Geometry of a model collagen fibril 
a. in a relaxed state and b. in a deformed state 
By applying a force F in the x-direction at the ends of the fibril, 
the fibril will deform (fig. 4.1b). By considering the force and moment 
resultants on a deformed arcsegment of the fibril, equilibrium equations 
can beobtained. The bending strain к of such an arcsegment is defined as 
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in which s is the arclength of the plane sinusoidal curve at a point with 
cartesian coordinates (χ,γ), Φ and φ are the angles of the arcsegment 
at (x.y) respectively before and after deformation. Note, ^ЭФ,. = eb cos 
bx. The use of a linear relation between the bending strain and the moment 
resultant and the use of the equilibnun equations, leads to a differential 
equation for the deformed state 
d2 d% F F 2 
TT = -T + D Sln Ф + DOT COS Ф sin Ф * ds ds f f 
In this expression is A f the cross-sectional area of the fibril, E f is 
Young's modulus of the material, D : E I is the bending rigidity with I 
the moment of inertia of the cross-section. This equation can be linearized 
to: 
AZA 9 d 2*n 
d - | _ ^
=
_ _ ° , (4.1) 
ds ds 
where ω = =• (i + = — д — ) . The error is of the order of φ (see the 
discussion in 4.3). 
The solution ф(з) of 4.1 is a complicated function of s (see Comnmou 
and Yannas (1976)) and includes a number of integrals which cannot be 
expressed in terms of elementary functions. In order to obtain a simple 
analytic expression, the approximation has been made that, in the complex 
solution of 4.1, s = χ. This means that terms in the order of φ·' are 
neglected. The solution for φ(χ) becomes: 
Φ(χ) = ab γ cos bx, (4.2) 
•-к Ь? with γ = —5—7г . 
Note that in the relaxed situation (F = 0) ω = 0 and consequently γ = 1. 
With this result the stress-strain relationship can be obtained. If a 
stress σ. (= -τ—) is applied to the fibril, its length L will increase to 
Of \ rt Of 
[1 + ψ— JL, where •=— is the strain of the collagen itself. With the help 
of the expression for ф(х) (eq. 4.2) the relation between the fibril length 
and its projection L
x
 can be approximated by: 
c, 2U2 2 2,2 2 sin(2bL ) /л "л, ,, a b γ ч, a b γ χ ,, ,. (1
 + E-)L = (1 ^ — J - )Lx н jL- . 2b · <*·'> 
In this expression the last term with sin (2bL ) can be ignored since 
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L
x
 is much larger than the wavelength —r-. 
For the relaxed situation. σ_ = 0, γ = 1 and L = L , one has 
f χ ox 
L . (1
 +
5 b ) L . (4.4) 
v
 4 J ox 
The experimental strain ε is defined as the relative increase in 
length along the x-axis: 
L 
ε = — - 1 -
ox 
By using 4.3 and 4.4 this results after some rearrangements in a 
stress-strain relationship for the fibril: 
a b / f „ Z> f 
4-E ' " ' ' - E 
ε = £ ^ Î- . (4.5) 
. aV 2 
1
 + — л " У 
Since σ_ is a force divided by the cross-sectional area of the fibril 
(A f), the contribution of σ, in counterbalancing the external 
stress a, which is applied to the total cross-section of the skin (A), 
equals 
Af 
σ
Γ TT 
When in equilibrium, the sum of the contributions of all fibrils (total 
number N) equals the external stress. By assuming all fibrils to have equal 
properties and consequently equal contributions to the stress at a 
particular strain, the total contribution is: 
N A f 
a
 = —
 af ' 
By using this relationship, eq. 4.5 can be converted into a stress-strain 
relationship for the whole skin. 
With the definition of the parameters: 
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2 K 2 
a b 
μ = — 5 - . 
Af 
CF = - i — (4.6) 
b Z I , 
N.A 
Е
с
 = Е
Г
^ ' 
and with D = E, I, the stress-strain relationship of the skin becomes: 
<μ+1)(|-+ 1) 
ε = ^ 1 (4.7) 
1 + μ γ 
in which 
[ C F f - ( f -
+
1 ) ]
 +
1 
с с 
From eq. 4.7 an expression for the skin stiffness as a function of the 
stress can be derived: 
? 2 
Ε_(ι+μτ ) 
E* = 5 , (4.8) 
(1
+
μ)[ΐ+μγΖ(1+2γα)] 
with 
Q = CF(°-
+
 1)(|^
+
 1) . 
с с 
The three parameter stress-strain relationship 4.7 is used to describe the 
mechanical properties of human skin. For high stress values γ reduces to 
zero and the stress-strain relationship can be represented by a straight 
line: 
ζ
 = μ+ψ1α . (4.9) 
с 
The intersection of that line with the strain axis is μ. Consequently μ can 
be regarded as a strain and will therefore be expressed in per cent. The 
inverse of the slope is equal to the ultimate skin stiffness. 
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4.3. Parameter estimation 
The three model parameters E
c
, CF and μ are estimated from the 
experimental stress-strain data using a nonlinear least square method based 
on the computer program BMD07R (Dixon, 1974). Two results of the fitting 
procedure are shown in fig. 4.2 for the principal directions of the leg. 
The open circles represent the experimental data while the continuous line 
represents the model. 
04 
03 
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Fig. 4.2 
Stress-strain relationships along and across the main 
axis of the leg. Open circles: experimental data. Continuous 
line: model. 
The corresponding stress-stiffness curves have been plotted in fig. 
4.3. For these examples the resulting parameters are: 
along the main direction of the leg: 
E
c / / = 22 χ 10
6Nnf2 , CF//
 =
 220 , »// = 8% 
and across: 
EC_L = 6 χ 10
6Nm"2 , CFj^ = 100 , μ^ = 20%. 
Since μ is much smaller than 1, it can be seen from eq. 4.9 that the 
ultimate skin stiffness is almost equal to the parameter E . It can be 
с 
demonstrated that the parameter CF determines largely the ratio between the 
initial skin stiffness (for σ = 0) and the ultimate stiffness (cf. eq. 7.1 
in chapter 7). Note (eq. 4.6) that only parameter E depends on the total 
number of fibrils or the relative aimunt of collagen in the skin. 
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Fig. 4.3 
Stress-stiffness relationships derived from the data of fig. 4.2 
In order to obtain a manageable expression for the stress-strain 
relationship of the model (eq. 4.7) a number of approximations had to be 
made. These approximations introduce errors which increase with an 
increasing θ . In fact the errors are of an order of φ (Comninou 
and Yannas, 1976), where Φ is the angle of the deformed beam with respect 
to its midline at a certain position x; a mean value for Φ will be much 
smaller than θ0. Hence, the error in the parameters will be much smaller 
smaller than ^ and will not exceed ZOS. Moreover, since φ (and so 
θ ) is overestimated, the approximations will result mainly in an 
overestimation of μ. 
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CHAPTER 5 
RESULTS 
5.1. General introduction 
In the preceding chapters a method has been described by which the 
mechanical behaviour of the human skin in vivo can be measured and 
characterized by a number of parameters. The total set of descriptive 
parameters for a single subject results from LL (Low Load) and HL (High 
Load) experiments, both along and across the tibial axis. 
In this chapter normal parameter values аз well as their dependencies 
on sex and age, as found on 61 healthy subjects, are presented (section 
5.2). The findings of the measurements on these subjects will also be used 
for investigating the correlations between the parameters of the whole 
stress-strajn curve and those reflecting the skin behaviour for low 
stresses only. Furthermore, attention will be paid to the influence of the 
preconditioning load as well as to a comparison of the parameters along and 
across. In the last part of that section (5.2) some additional remarks will 
be made, with respect to the observed behaviour of the parameters as such, 
in order to obtain a better understanding of the results. The discussion 
will be given in chapter 7. 
In some subjects, on which repeated measurements have been carried 
out, it was found that their stress-strain curve as observed in winter 
differed from that measured in summer (cf. fig. 5.16). Results of more 
systematically repeated experiments as well as an explanation will be given 
in a separate section dealing with this season dependency (section 5.3). 
In the last part of this chapter (section 5.4) results of incidental 
measurements on pathological skin will be presented. 
5.2. Normal values 
5.2.1. Introduction 
The inter-individual range of parameter values for clinically normal 
skin is presented in this section; the normal parameter range as well as 
the dependencies on sex and age are deduced. Furthermore, the parameters 
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describing the skin's behaviour before and after the application of high 
loads will be compared with each other as well as those obtained from 
measurements along and across. 
5.2.2. Materials and methods 
The subjects 
The subjects, paid on hourly basis, were recruited by requests for 
volunteers in a local newspaper. All aspirant subjects were examined by a 
dermatologist, to check for the normal skin condition. A total of 61 
persons, who showed clinically normal skin and no symptoms of arterial or 
venous pathology were accepted. Their age and sex distribution are shown in 
table 5.1. 
sex 
male 
female 
age 
19-25 
13 
7 
33-38 
7 
θ 
49-53 
7 
7 
60-68 
7 
5 
Table 5.1. Sex and age distribution of the selected 61 
subjects. 
The set of parameters 
The total set of parameters consists of LL and HL parameters. In the 
LL experiments the purely elastic anâ the delayed elastic deformation could 
be described by a logarithmic function of the stress (eq. 2.9), which could 
be determined for the loading phases ('up') as well as for the unloading 
phases ('down'). Since it has been shown (Wijn, 1980) that several of these 
'up' and 'down' parameters are strongly correlated and since some 'up' 
parameters cannot be determined very accurately, only the 'down' parameters 
are included in this study. For the purely elastic process these parameters 
are: the initial stiffness E , and the nonlineanty к .. Corresponding 
parameters for the delayed elastic process are E and к .. Furthermore the 
pd pd 
parameter η of the purely viscous process and the time constant τ have 
s d 
been computed. In the following these parameters will be referred to as LL 
parameters. 
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As mentioned in chapter 3, identical low loads (pulse shaped) were 
applied to the skin before (in the LL experiments) and after (in the HL 
experiments) the application of high loads. Consequently, the same set of 
parameters as derived in the LL experiments can be determined after the 
application of high loads. In order to distinguish between the two sets, 
the latter will be indicated by 'after'. 
In the HL experiment four identical saw-tooth shaped loads were 
applied to the skin, of which the first load could be regarded as a 
preconditioning one. Omitting the first response, each of the model 
parameters can be determined independently in the 2nd, 3rd and the 4th 
saw-tooth response. By comparing the corresponding parameters of the second 
and subsequent responses, it was found that they showed very high correla­
tions (r > 0.9) and differed not substantially (see also (chapter 7)). 
Since the parameters E , CF and μ of the third loading cycle could be 
determined with the highest reliability, these parameters have been chosen 
for further studies. The load index will be omitted. 
As an additional result of the correction for the time dependency 
(chapter 3), the following parameters are also obtained in the HL 
experiments: τ,, E ., к ., η and E . This last parameter is a measure for 
the permanent deformation built up during the first (preconditioning) load. 
Statistical techniques 
The parameters as well as their accuracy range were calculated by a 
computerprogram based on BMD07R (Dixon, 1974). In this program the 
inaccuracy of the computed parameter values is calculated as an estimation 
of the standard deviation around the optimal values. Parameter values 
showing an inaccuracy more than 40% were excluded. The time constants were 
excluded when their inaccuracy was more than 25%. The purely elastic 
parameters usually showed an inaccuracy less than 155«. 
The dependency of the parameters on sex has been investigated by means 
of the Man-Whitney U (- Wilcoxon rank sum) test. 
The influence of age (four age classes) was tested by means of the 
Kruskal-Wallis test (Guilford and Fruchter, 1973). 
Normal ranges of the parameters will be presented by the percentiles 
P_ and Ρ . For both percentiles a confidence interval can be calculated. 
parameters outside the outer limits of the percentiles can be considered as 
abnormal. Values between the inner and outer limits are in the warning 
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area. Since the parameters did not show a normal distribution, the inner 
and the outer limits of P^ and Pgc were determined in a 
distribution free procedure with a reliability of 90S (Rumke and Bezemer, 
1972). For some parameters the number of values was too low to calculate 
the outer limit, in particular for the sex dependent parameters for which 
the limits had to be calculated for both sexes separately. For parameters 
which were found to be age dependent, a linear regression is performed with 
age. For each data point the difference in the observed parameter value and 
that of the regression line is calculated (the residual). The inner and 
outer limits of P, and Ρ are determined from these residuals. 
To give an indication of the divergence of the various parameters or 
of the ratios of some of these (e.g. 'before' and 'after' the application 
of high loads) the median (Per.) and the lower and upper quartiles 
(P., and P-jc.) are used in the tables. These quantities were 
preferred to mean and standard deviation, since in some cases (especially 
in studying the ratios) extreme values were present (e.g. due to a very 
small denominator in the ratio). Consequently, mean and standard deviation 
were meaningless. 
For the Wilcoxon tests as well as for the Spearman correlation 
coefficients (distribution free), the following symbols are used to 
indicate the level of significance: 
highly significant ρ < 0.01 
significant 0.01 < ρ < 0.05 
(*) dubious 0.05 < ρ < 0.10 
Correlation coefficients between parameters, which show a sex 
dependency, are given for the whole group of subjects, being representative 
of both sexes, unless the coefficients for males and females differed 
considerably. In that case they are given for each sex separately. 
5.2.3. Results 
Each of the 61 subjects was submitted to LL experiments as well as to 
HL experiments. The results of the LL experiments were compared to the 
results obtained with the same method by Jagtman (1983). It was found 
that the whole group had normal skin properties for small deformations. 
Wijn (1980) and Jagtman (19B3) have extensively discussed the dependency of 
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the LL parameters on sex and age. Hence this dependency will not be 
considered here. An exception is made For the parameter η (LL), 
characteristic For the purely viscous process in the LL experiment, because 
oF its improved determination as compared to the previous studies. The 
dependency on sex and age oF the HL parameters and oF η (LL) will be 
presented in this section. Furthermore, a comparison will be made between 
related parameters obtained in diFFerent conditions. 
The purely elastic process 
The values oF the characteristic parameters oF the purely elastic 
process are listed in table 5.2. 
parameter 
E
c// 
C F// 
•7/ 
E
cl 
CF1 
Ν­
ΑΕ 
с 
aFter: 
E
sd// 
k
sd// 
Esdl 
k
sdi 
n 
59 
61 
61 
53 
54 
54 
52 
54 
53 
52 
52 
median 
P50 
17 
200 
0.10 
4.6 
110 
0.23 
3.5 
0.3 
27 
0.08 
11 
quartiles 
P75 
21 
260 
0.12 
5.5 
150 
0.33 
4.6 
0.7 
43 
0.14 
14 
P25 
14 
150 
0.08 
3.9 
80 
0.18 
2.9 
0.2 
23 
0.06 
6 
dependency 
age sex 
-
(.) 
(*) 
-
_ ** 
* _ 
-
-
* _ 
_ ** 
•* 
Table 5.2. Median and quartiles oF the parameters oF the purely 
elastic process. Ε-values: x 10^ Nm"2, all others: 
dimensionless. 
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The anisotropy AE , defined as 
c E
cl 
is also given in this table. Besides these quantities the parameters of the 
purely elastic process for low loads after the application of high loads 
are presented. 
The data in this table as well as in the following tables present 
successively: the parameter, the number η of correct measurements, the 
median and the upper and lower quartiles, the significance level of the age 
dependency and of the sex dependency. A number η lower than 61 indicates 
that for the missing number of subjects the parameters could not be 
calculated within the mentioned inaccuracy range. 
The parameters of the fibre model, which describes the purely elastic 
behaviour along and across, as well as the anisotropy AEC are plotted as 
a function of age in the figures 5.1 to 5.7. Females are represented by 
dots, males by open circles. The thick line is the linear regression line 
in the case that the parameter showed a significant age dependency or it 
indicates the median value in the case that no influence of age could be 
demonstrated. The inner limits of P5 and P95 are given as dotted lines 
and the outer limits as straight thin lines (parallel to the thick line). 
In the cases that a sex dependency was demonstrated the thick lines are 
drawn separately for males and and females. The corresponding inner limits 
of P5 and P95 are given by short lines to the right (for females) and 
to the left (for males) of each figure. 
The ultimate stiffness parameter E
c
 is constant throughout the age 
range, along as well as across. The parameter CF// shows only a slight 
difference between males and females (p = 0.07). In the perpendicular 
direction CF_L is significantly lower for males than for females. A dubious 
influence of age on μ// was found, whereas μ^ decreased significantly 
with age. The parameter E
sc
|j^, after the application of high loads, is 
significantly lower for females than for males. The 'after' parameter к .,, 
sd// 
decreases with age whereas к ι increases. 
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Results found on healthy subjects and the normal behaviour of 
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Results found on healthy subjects and the normal behaviour of 
"// for both sexes, related to age. 
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Results found on healthy subjects and the normal behaviour of 
μ// for both sexes, related to age. 
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Results found on healthy subjects and the normal behaviour of 
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Results found on healthy subjects and the normal behaviour of 
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Results found on healthy subjects and the normal behaviour of 
AEC for both sexes, related to age. 
The delayed elastic process 
The results concerning the parameters characterizing the delayed 
elastic deformation in the HL experiments are shown in table 5.3. 
parameter 
W/ 
V/ 
k
P d I 
VL 
η 
51 
5Θ 
41 
53 
median 
p
5o 
260 
5.9 
160 
6.2 
quart 
P75 
310 
6.4 
210 
7.1 
l i e s 
P25 
230 
5.4 
130 
5.7 
dependency 
age sex 
(*) 
-
(*) 
-
Table 5.3. Median and quartiles of the delayed elastic param­
eters. τ-values: in seconds, k: dimensionless. 
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No reliable values of Epj could be computed. This is due, amongst 
others, to an inadequacy of the logarithmic description for the delayed 
elastic deformation in the HL experiment (see 5.2.4). Hence, the results 
concerning kp^ should be interpreted with care. In any case, kpj cannot 
be considered to be solely a nonlineanty parameter and can certainly not 
be compared to kp^LL), which is obtained in the LL experiments, where 
the logarithmic description fits the experimental data better. No further 
results of kpd will be given. 
The purely viscous process 
The results concerning the parameters of the purely viscous process 
are given in table 5.4. In this table the η 3 values of the LL experiments 
are also included. 
parameter 
V/ 
V/ 
V 
е
о І 
V/ ( L L ) 
njai .) 
η 
60 
58 
54 
53 
54 
57 
median 
P 50 
4.7 
0.026 
1.4 
0.041 
2.4 
0.54 
q u a r t i 
P 75 
7.0 
0.033 
1.9 
0.054 
2.a 
0.Θ0 
l e s 
P 25 
3.7 
0.017 
1.1 
0.031 
1.9 
0.37 
depend 
age 
-
-
-
* 
-
-
ency 
sex 
* 
* 
(*) 
** 
Table 5.4. Median and quartiles of the purely viscous parameters. 
r|
s
-values: χ 10 8 Nsm-2
 t CQ. dimensionless. 
The parameter values are plotted as a function of age in the fig. 5.8 to 
5.13. Only ε ι shows an age dependency: it increases with age. All viscous 
coefficients η 9 are more or less significantly higher in males than in 
females. The measure for the permanent deformation built up during the 
first loading (ε0) in the direction along is higher in females than in 
males. 
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Results found on healthy subjects and the normal behaviour of 
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Results found on healthy subjects and the normal behaviour of Лд_[_ 
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The skin thickness 
The results of the skin thickness measurements are listed in table 5.5 
parameter 
skin thickness 
η 
61 
median 
Ρ 
50 
1.20 
quartlies 
Ρ 
75 
1.30 
Ρ 
25 
1.00 
age 
dependency 
** 
sex 
dependency 
(*) 
Table 5.5. Median and quartiles of skin thickness (in mm). 
No significant difference was found between the skin thickness in 
males and females; statistically only an indication existed that females 
had somewhat thinner skin than males. The skin thickness does decrease 
significantly with age. This age related thinning is shown in fig. 5.14. 
"•
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» age (years) 
Fig. 5.U 
Results found on healthy subjects and the normal behaviour of 
skin thickness for both sexes, related to age. 
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Comparison of parameters obtained under different conditions 
Spearman correlation coefficients between corresponding HL-parameters 
in the two directions: along and across, have been determined. Significant 
correlations were found for the purely elastic model parameters. For the 
time dependent parameters there was only a (highly) significant 
correlation between e0// and e0| in males. 
A comparison of the low load behaviour of the skin 'before' (i.e. 
LL-measurements) and 'after' the application of high loads has been made. 
In addition the HL-parameters x¿ and η 3 were compared to the 
corresponding LL-parameters. 
This was done by testing (Wilcoxon matched pairs signed rank test) if the 
. . 'after' , .. . . HL-parameter . „ , ... ., _ 
ratio ., , ¡- and the ratio T-¡—c 7 — differed significantly from one. 
'before' LL-parameter ч ' 
Furthermore, Spearman correlation coefficients (r) were computed. The 
results are summarized in table 5.6a and 5.6b. 
parameter 
E : s d / / 
k s d / / 
^ 
ksdL 
τ
άΙ 
V/ 
V 
η 
50 
42 
49 
50 
37 
49 
50 
r a t i o : 
P50 
0.3 
1.4 
0.8 
0.8 
1.1 
1.1 
1.8 
a f t e r 
before 
Ρ75 
0.4 
2.8 
1.0 
1.1 
1.2 
1.7 
2.5 
P25 
0.2 
1.0 
0.6 
0.5 
0.9 
0.8 
1.2 
Wilcox. 
s i g n i f . 
** 
** 
** 
* 
(·) 
» 
• » * 
Spearman 
г 
0.58 
0.22 
0.74 
0.40 
0.04 
0.23 
0.20 
s 
с о г г . 
i g n i f . 
**-
-
*» 
*» 
-
-
-
Table 5.6a. Comparison of the low load parameters, before and after the 
application of high loads. 
There are significant differences between the parameters 'before' and 
'after', especially for the purely elastic and purely viscous ones. In both 
directions the initial stiffness of the purely elastic process is lowered 
significantly: E ... has even decreased to 0.3. The parameter к .. has also 
decreased, while к ... is higher 'after' than 'before'. 
sa// 
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parameter 
T d l 
V/ 
V 
η 
41 
57 
52 
г 
P50 
1.0 
2.2 
2.5 
a t i o 
-
HL 
:
 ET 
P75 
1.2 
3.1 
3.5 
P25 
0.8 
1.5 
1.8 
Wilcox. 
s i g m f . 
" 
** 
«* 
Table 5.6b. The time dependent HL parameters compared to the 
corresponding LL parameters by means of the 
Wilcoxontest on their ratio (compared to 1). 
Typical changes in the purely elastic process for low loads, after the 
application of a high preconditioning load, are shown in fig. 5.15. 
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Fig . 5.15 
The purely elastic behaviour for low loads before and after the 
application of the high load, a: along; b: across. 
For the parameters E . and к . insufficient reliable pairs (fewer than 5) 
were present. Note that the purely viscous parameters η . . and η , have 
s// s_L 
increased considerably in the HL experiments with respect to those obtained 
in the LL measurements (more than a factor 2), whereas they are 
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slightly greater during the pulse shaped loads after the application of 
high loads in comparison to the LL parameters ('before'). 
Table 5.7 presents the correlation coefficients between parameters of 
the initial phase of the stress-strain curve (Egc| and kgj) and the 
collagen parameters E
c
, CF and μ, describing the whole curve. 
low load 
parameter 
E
sd// 
k
sd// 
E
sdL 
kBäL 
model 
parameter 
Ec// 
CF// 
μ// 
E
c// 
CF// 
μ// 
E
cl 
CF ι ^ males 
'females 
1*1 
E
cl 
CFj^:males 
females 
1*1 
η 
55 
57 
57 
46 
4Θ 
48 
50 
31 
20 
51 
51 
31 
21 
52 
'before' 
г 
0.41 
-0.38 
-0.16 
-0.19 
0.27 
-0.12 
0.30 
-0.50 
-0.18 
-0.45 
0.21 
0.42 
0.29 
-0.42 
signif. 
*# 
** 
-
-
(*) 
-
* 
»• 
•* 
-
* 
** 
η 
52 
54 
54 
52 
53 
53 
49 
28 
22 
50 
50 
28 
22 
50 
'after' 
г 
0.38 
-0.70 
-0.52 
0.24 
-0.01 
-0.50 
0.44 
-0.43 
-0.53 
-0.54 
0.46 
0.31 
0.15 
-0.82 
signif. 
#* 
»* 
** 
(*) 
-
** 
»# 
* 
* 
** 
** 
-
• * * 
Table 5.7. Correlations between the low load parameters of the purely 
elastic process and the parameters describing the whole 
stress-strain curves, up to high loads. 
5.2.4. Discussion 
Most of the parameters could be determined in the majority of cases. 
Especially the purely elastic parameters of the collagen model (chapter 4) 
are found to have a high reliability which means that this model describes 
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the experimental stress-strain curves very well. In some cases, in which 
the ultimate constant stiffness level is less pronounced, the fitting is 
less accurate. However, in all cases the coefficients of correlation are 
high (about 0.998), indicating that the agreement between the fit and the 
measured data was very close. 
Only for the parameters describing the delayed elastic deformation 
(i.e. Epd, kp(j) was it barely possible to obtain reliable values. In 
the LL-experiments along the tibial axis they could be computed in about 
50% of the cases. Across and after the application of high loads the 
situation was much worse and E . and к . could hardly be determined. 
pd pd 
The poor parameter estimation of the delayed elastic process may be 
due to two factors. First, since the strain values of this process are 
small in comparison to the total response, large relative uncertainties in 
the data points may occur. 
Second, the delayed elastic deformation seems to reach a constant 
level for large stress values (cf. fig. 3.12, page A9). From the data after 
the application of high loads one gets the impression that in that case 
already for low loads ε^ becomes independent of the stress. Consequently, 
the nonlinear, stress dependent logarithmic description of €[j is less 
appropriate and the initial stiffness Epj and the nonlinearity knj 
cannot be determined uniquely in the majority of cases. Moreover, since 
ει, is constant for high stresses, the parameter kp^ is mainly 
determined by the value of the maximal stress used in the HL experiments. 
Then apparantly reliable values of kpj are obtained but they do not 
reflect anything about the nonlinearity of the curve. 
The purely viscous parameter η 8 has increased considerably in the HL 
experiments with respect to that of the LL measurements. This means that 
the permanent deformation per loading cycle (i.e. the increase in 
cumulative deformation) has lowered (fig. 3.13). For Чз// ('after'), as 
observed during the pulse-shaped loads in the HL experiments, the 
difference with η 3// (LL) is much smaller. So η 3 has decreased again. 
The ultimate skin stiffness (i.e. E
c
) is uninfluenced by age. In 
literature the reported age dependencies of soft tissue properties varies 
considerably. At first sight some of these reports even seem to be 
contradictory. In order to clarify these large differences a nienber of 
facts have to be considered. All these facts may influence or may even be 
responsible for the observed data in literature. 
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a) A large number of studies have been carried out on rat or rabbit 
connective tissue, usually from birth to maturity. Thus maturation 
instead of ageing was measured. Moreover, since most of these studies 
concern tendons (e.g. Diamant et al., 1972; Torp et al., 1975; 
Gathercole and Keller, 1975; Kastelic et al., 1980), the collagen 
stiffness has in fact been measured. To draw a conclusion from such data 
about skin stiffness is difficult since skin properties depend also on 
collagen content, which decreases with age. 
b) Different techniques were used. According to Vlasblom (1967) only the 
methods of straining in the plane of the skin (uniaxial strain, torsion) 
is suited to detect and quantify skin properties correctly. Results of 
indentation are influenced by the subcutaneous layers. The value of 
suction experiments has caused doubt in some authors for the same 
reason. However, due to the low degree of stiffness of the subcutaneous 
layers it is possible to perform qualitative (c.q. relative) 
measurements of skin properties using the suction method, as has, e.g., 
been done by Grahame (1969). 
c) Different locations on the body were investigated. Ridge and 
Wright (1966) found, e.g., the dependency of the stiffness parameter b 
(see section 2.4.2) on age to be less pronounced in forearm skin than 
in the skin of the abdomen. 
d) Skin thickness was not included (Wijn, 1980). 
e) Different age ranges were used in studies on human skin (Ridge and 
Wright, 1966; Leveque et al., 1980). In fact the reported dependencies 
of skin stiffness with age was merely due to the stiffness behaviour in 
the first decades of human life (maturation) and to that of people with 
age of 80 years and more. 
Considering only the studies on human skin in the age range of 20 to 
70 years (as was the case for our subjects), most studies found a constant 
or a slightly (but likely insignificant) increasing skin stiffness with 
age. Some of these studies are: Jansen and Rottier, 1957 (in vitro; 
abdomen; uniaxial tension), Ridge and Wright, 1966 (in vitro; forearm; 
uniaxial tension), Grahame, 1969 (in vivo; forearm; suction; females and 
higher, increasing stiffness than males), Holzman et al., 1971 (in vitro; 
thight; uniaxial tension), Suominen et al., 1978 (in vivo; forearm; 
suction), Leveque et al., 19B0 (in vivo; forearm; torsion). 
Furthermore, since cross link density increases with age (and so does 
collagen stiffness) whereas the collagen density decreases, the 
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morphological data do not contradict the observed result of a constant skin 
stiffness with age. 
Our results show a significant decrease for the extensibility 
parameter μ.1, whereas along the age dependency is only dubious. However, 
since μ// and μ.1 show a significant correlation, it is conceivable that 
also an age-dependent decrease may exist in the direction along. Perhaps 
such a decrease could not be demonstrated to be significant due to 
disturbing factors as e.g. season dependency (5.3). A decrease in 
extensibility has been reported for abdominal skin by Craik (1966) and 
Wilkes et al. (1973). 
Data concerning the influence of sex and age on the time dependent 
properties are only scarcely encountered in literature. Finlay (1971) 
mentioned that the ability to return to a zero condition is lacking more 
and more with age. This is in agreement with the observed increase in 
permanent deformation (i.e. EQJJ with age. 
The decrease in skin thickness with age is in correspondence with the 
results reported by a number of authors (chapter 1). Some of these authors 
found the skin in males to be thicker than in females. This could not be 
demonstrated in our measurements. The difference in sex dependency may be 
due in the difference of location on the body where the measurement took 
place; most authors refer to the skin of the forearm. The thinning of the 
skin with age can be understood from the reduction in both collagen content 
and in ground substance (Chapter 1). 
5.3. Season dependency 
5.3.1. Introduction 
The experimental results may be influenced by various experimental 
conditions, of which some have been discussed in section 3.5.7. In that 
section it was stated that a reproducibility of about 90% can be obtained. 
This 'short term' reproducibility is inherent to the measuring procedure. 
During a longer time period (e.g. some months) the skin properties 
themselves may undergo changes, which could lead to a variability much more 
than 10й. Such variations have appeared to be connected with the succession 
of the seasons. This is clearly demonstrated with the two stress-strain 
curves in fig. 5.16 obtained in the same subject within half a year. 
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Fig. 5.16 
Stress-strain curves ('along') measured in the same subject in 
summer and winter. 
In this section the results of the measurements, which were performed 
to get an idea of the nature and extent of this season dependency, will be 
presented (5.3.3) and discussed (5.3.4). 
5.3.2. Materials and methods 
A number of seven healthy subjects (male students, about 22 years of 
age) were recruited. On each of these subjects uniaxial strain measurements 
were performed about once a month during the period of October to June of 
the subsequent year. Data about outdoor temperature and outdoor relative 
humidity have been provided by the Dutch Meteorological Institute, based at 
Volkel. These data were used to estimate the indoor relative humidity 
(rh). For this it was assumed that the indoor and outdoor vapour pressure 
were equal. Then rh = g ' , in which rh . , the outdoor relative 
^m,in o u c 
humidity, is known and P
m ( i n and P m i 0 Ut, resp. the indoor and the 
outdoor maximal vapour pressure, can be looked up since the temperature is 
known. As the outdoor relative humidity did not change systematically 
during the seasons, it appeared that the indoor relative humidity followed 
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about the same course as the outdoor temperature. 
For the total group of 61 subjects (see section 5.2) Spearman 
correlation coefficients have been calculated between the model parameters 
(E
c
, CF, μ; along and across) and outdoor temperature and date of the 
experiment. 
5.3.3. Results 
Skin thickness was found to be constant for the whole time period of 
October until June, for all seven subjects. 
The results of the uniaxial strain measurements showed significant 
changes in five of the seven subjects. In the other two persons the changes 
remained within 20%. 
Large changes have been found in the five subjects in the purely 
elastic stress-strain relationship as measured along the tibial axis (fig. 
5.16). In all these five cases the extensibility of the skin as observed in 
summer (September/October and May/June) was significantly higher than in 
winter (January/February). The results of September/October were almost 
equal to those of May/June. The change in the stress-strain curve with the 
season is mainly reflected in the model parameters E
c
// and μ//· The 
parameter CF displayed a similar course as that of E
c
//, though less 
systematically. For two subjects E
c
// and μ// have been plotted as a 
function of the date of the experiment in fig. 5.17a and b. 
It can be noticed that μ., (a measure of the extensibility) 
gradually decreases to a minimum in January/February and increases 
thereafter, where as the E
c
// curve shows the opposite behaviour. For the 
three other subjects similar changes were noticed, though less regular and 
less dramatic. It is plausible that the influence of the seasons may be 
induced by a change in humidity. Therefore the calculated indoor relative 
humidity (rh) is depicted in fig. 5.17c. It can be seen that the decrease 
and increase of μ ,, is closely related to rh, while Ε ,, seems to be 
inversely related. 
The stress-strain curves of the perpendicular measuring direction 
(across) did also show some variations. However, these variations did not 
show any systematic increase or decrease and hardly exceeded the 
experimental reproducibility in this direction. 
The purely viscous and the delayed elastic parameters also did not 
show any systematic changes with the seasons. 
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Fig. 5.17 
Results concerning two subjects during a time period of October 
until June. 
a: Ec// 
b: μ// 
с: the estimated indoor relative humidity at the day of the 
measurement. 
None of the parameters of the purely elastic process as obtained from 
the group of 61 subjects showed a significant correlation with outdoor 
temperature or date of the experiment. 
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5.3.4. Discussion 
The results show that a number of parameters may vary with the change 
in the seasons. Since the subjects spent only a fraction of the day 
outdoors it is not likely that outdoor temperature or outdoor relative 
hunidity have influenced the results directly. However, temperature and 
relative humidity are related to the vapour pressure in the air and hence 
to the indoor relative humidity. This indoor humidity decreases 
substantially during the winter season (in absence of airconditioning), and 
thus may be the cause of the decrease in extensibility of the skin. 
Although a dependency of some skin parameters (i.e. E
c
// and μ//) 
on relative humidity (or outdoor temperature) seems to exist, no 
correlation coefficients and regression lines have been determined, because 
of the low number of measurements per subject. Moreover, such coefficients 
would be applicable to that particular subject only and cannot be 
generalized. 
The possibility that the humidity influences the human skin properties 
in vivo has been verified in a number of experiments which were performed 
on four of the seven subjects. If a low skin extensibility was observed in 
a standard experiment, the skin of the calf of the subject was moistened by 
a wet tissue for about 20 minutes . Immediately after this moistening the 
stress-strain curve was measured once more in an HL experiment. In fig. 
5.18 two stress-strain curves, observed before ('dry') and after ('wet') 
moistening, are shown. 
Fig. 5.1b 
Stress-strain curves ('along') 
measured in the same subject before 
('dry') and after ('wet') 
moistening the skin. 
Ó 2 4 fT^ —8(xioVjm'') 
• σ 
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Clearly the moistening affects the stress-strain relationship 
considerably. In fact the 'wet' curve almost coincided with a stress-strain 
curve of the same subject observed in summer. A second HL experiment about 
20 minutes after the moistening had stopped, resulted in stress-strain 
curves which were situated between those of 'wet' and 'dry' skin. In some 
cases those curves hardly differed from the 'dry' ones. 
From these experiments it cannot only be concluded that the change in 
skin properties during the seasons result from a change in the relative 
humidity, but also that these changes can be achieved in short time periods 
(20 minutes). The only skin layer which can possibly be influenced by the 
humidity in such short time periods is the stratum corneum (SC). 
Since the SC acts like a spring parallel to the dermis, the stress-
strain curve for the SC in vivo can be derived from the experiments by 
assuming that in the case of maximal extensibility of the skin (e.g. in 
summer or after moistening) the water content of the SC is high, so that 
the observed 'wet' curve solely represents dermis properties. This means 
that, the difference in stress at a particular strain value e between an 
observed 'dry' curve and the 'wet' curve originates from the involvement of 
the stratum corneum. Calculating the stress difference a for all strains, 
a measure of the strain-stress curve of SC in vivo can be constructed. This 
has been done for the two curves of fig. 5.16 and for the two curves of 
fig. 5.18. The resulting e-σ curves are shown in fig. 5.19. 
10-
6-
2-
wmter - summer 
10 
8-
σ 6 
2-
8 <%) 
(xltfNnr) 
dry-wet 
Fig. 5.19 
The contribution of Stratum Corneum to the skin behaviour as 
constructed (see text) from a: fig. 5.17 and b: fig. 5.18. 
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The ultimate stiffness of the SC computed from the constructed curves 
was found to be about 2 χ 10^ Nm~2, in which the thickness of SC was 
taken to be 1% of the total skin thickness. Such a stiffness is within the 
range of stiffness values as found in the in vitro experiments of Wildnauer 
et al. (1971), Park and Baddiel (1972) and Duzee (1978). Park and Baddiel 
found that the stiffness of SC (taken from the linear part of the stress-
strain curve) increased from 3 « 10^ Nm"2 for wet SC to about 2 χ 10° 
Nnr2 for dry SC (rh ЗОЙ). In fact our results would imply an average 
relative humidity of the SC of about ЗОЙ (in winter), which is quite 
realistic considering the humidity of the air. However, when interpreting 
the results in terms of a relative humidity of the SC, caution is needed. 
Park and Baddiel studied SC properties in vitro. Their reported rh is a 
measure for the water content of the SC sample throughout its thickness. In 
vivo, the SC water content at the (outer) surface is different from that 
adjacent to the underlying living cell layer (the inner surface) (Jacques 
et al., 19Θ3). 
The stratum corneum behaviour thus found is clearly nonlinear, which 
has also been found by Rasseneur et al. (1982). The small initial stiffness 
values explains why no influence of the relative humidity on the human skin 
in vivo has been found for small deformations (Jagtman, 19Θ3). However, 
there might be exceptions: for two subjects, who did not belong to this 
group of 7 or to the group of 61, with an extremely high (abnormal) initial 
skin stiffness the moistening affected also the results for small 
deformations. 
Since no changes were observed in the direction across, one has to 
conclude from the experiments that the SC of the human calf possibly has 
high anisotropic properties (No indications of rupture of the SC during 
loading were found). Takahashi et al. (1981) found that the parameters of 
their experiments on SC of human abdomen and guinea pig back were largely 
unaffected by the direction of measurement. This needs not to be in 
contradiction with our results, since also dermal properties of different 
places on the body show different degrees of amsotropy. 
In sunmary, the water content of the stratum corneum may influence the 
results of the uniaxial strain experiments and consequently the model 
parameters. In normal skin this influence vanes among the subjects, e.g. 
due to a different ratio of SC and skin thickness, and will only be 
substantial in experiments along the main axis of the leg. For some 
individuals a direct relationship existed between the mechanical behaviour 
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and relative humidity, whereas for the whole group of 61 subjects no 
correlations with outdoor temperature or date of the experiment were 
found. Hence, in general, the variations as a result of humidity will be 
lower than those which were showed in this section as an example. 
5.4. Pathological skin 
5.4.1. Introduction 
The model (chapter 4), which was used for the characterization of the 
purely elastic properties of the skin, describes the behaviour of 
collagen. Consequently the derived parameters will reflect collagen 
properties alone. In order to test this, uniaxial strain measurements were 
carried out in a genodermatosis mainly affecting the elastin fibres viz. 
pseudoxanthoma elasticun (section 5.4.2) and in a genodermatosis mainly 
affecting the collagen fibre system viz. Ehlers-Danlos syndrome (section 
5.4.3.). The results will be discussed in chapter 7. 
5.4.2. Pseudoxanthoma elasticum 
Pseudoxanthoma elasticum (PXE) shows a generalized connective tissue 
defect, characterized by an abnormal elastin fibre system (Ross et al., 
1978; Danielsen, 1979). The fibres are degenerated and fragmentated in the 
presence of calcium deposits. Also abnormal fibre structures can be found 
in apparently normal skin of PXE patients. Since elastin is abnormal in 
PXE, the arteries with their high elastin content are involved; vascular 
complications are common. Ruptures of Bruch's membrane of the eye, which is 
also rich in elastin, resulting in vision problems, are an early phenomenon 
in PXE. 
In PXE the amount of elastin is highly increased (up to 300«), while 
the amount of collagen is not modified. The collagen fibres seem to be more 
or less normal (Ross et al., 1978), although in some cases an abnormal 
organization of the collagen, fusion of the fibres with the appearance of a 
twisted organization within the fibre itself, has been observed (Pasquali 
et al., 1981). PXE is a rare disease: its prevalence in England has been 
estimated between 1 : 160,000 and 1 : 1000,000 (Danielsen, 1979). Four 
genetic types of PXE are distinguished (Pope, 1975). 
One PXE patient, a male of 16 yrs, was examined. He had been 
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classified by a dermatologist in the genetic type: dominant type I 
(according to Pope (1975)). The diagnosis was confirmed histologically by a 
biopsy of the involved skin. The skin thickness was 1.45 mm. The results 
are given in table 5.Θ. In the last column of this table, normal values are 
listed for comparison. 
The results show that the parameters characterizing the elastic 
behaviour of the skin are not different from normal, not even the initial 
coefficients of elasticity. 
parameter 
L L : E
sd// 
E
sdL 
k3dL 
H L : E
c// 
C F// 
μ / / 
E
cl 
CF1 
»1 
value 
PXE 
1.Θ 
0.15 
14 
18 
160 
0.11 
4.2 
62 
0.27 
normal 
1.7 
0.15 
17 
17 
200 
0.10 
4.6 
110 
0.23 
Table 5.8. Parameter values derived from a PXE patient 
(male, 16 years) and normal values. 
E-values:x106 Nm"^, all others: dimensionlesa. 
5.5.3. Ehlers-Danlos syndrome 
The Ehlers-Danlos (Ε-D) syndrome is a generalized connective tissue 
disorder affecting many parts of the body. The most essential symptoms are: 
a hyperextensible skin and hypermobile joints. The Ε-D syndrome is a result 
of a defective collagen fibre system while the elastin fibres are reported 
to be more or less normal (Jansen, 1955; Sevenich et al., 19B0). Although 
the incidence of this syndrome is low, about 1 : 250,000 (Beighton (1970)), 
already nine variants have been distinguished on the basis of clinical, 
genetical and biochemical data (Olsen, 1980; Arneson et al.,1980). 
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Seven patients suffering from E-D syndrome were examined. 
Classification of the type of E-D is difficult, since many of the E-D 
patients do not fit the described types closely (Arneson et al., 1980). A 
molecular defect is only known to exist in the recessive types of E-D 
syndrome. Since Jagtman (1983) had also measured these seven patients, his 
classification was used in this thesis. This classification is based mainly 
on clinical and genetical data, while in two cases (case 3 and 7 of table 
5.9) also biochemical data of a skin biopsy has been used. 
On each patient LL measurements as well as HL measurements were 
performed. In some cases the measurement was done at an early stage of this 
study, at which time the ultrasound technique was not available. 
Consequently, no skin thickness could be measured. For those subjects a 
value of 1.3 mm has been taken as the skin thickness. The results are 
presented in table 5.9. In this table no parameter values are given if they 
sex; age ( y r ) 
s k i n thickness 
type E-D 
^
 E s d / / 
(mm) 
f ; 28 
0 . 8 0 ^ 
I 
0.65* 
f ; 23 
1.10 
I 
0.29W 
m ; 35 
1.30 
V 
1.4 
f ; 9 m ; 37 f ; 64 
I I I I 
0.08 W 0.26 W O.35W 
m ; 33 
V 
0.51« 
E
sdj_ 0.0B* 0.05^ 0.15 0.05« 0.03« 0.03 * 0.04«j 
к ^ 9 13 10 5 * 9 8 10 
HL: E c / / 
C F // 
»„ 
E c l 
"L 
•4 
AE 
с 
7.0« 
70 « 
0 . 1 9 n 
5.2 
150 
0.29 
1.35« 
6.0« 
140 
0 . 2 1 t t 
3.4 
94 * 
0.56 î 
1.75* 
9 .9* 
123 
0.13* 
4.6 
110 
0.30 
2.15* 
4 . 3 « 
150 
0.40 ^ 
5.6 
145 
0 .55* 
0.76« 
6.8 « 
250 
0.19W 
5.7 
87 
0.66 tt 
1.20 « 
5.0 « 
115 
0 .22 t t 
-
-
-
-
1 0 . i 
220 
0.20 t t 
-
-
-
-
Table 5.9 Parameter values of seven E-D patients. Stiffness values: x 
10° Nm"2 . All others: dimensionless. t or I indicates that the 
values is in upper or lower warning area, tt or tt indicates that 
the value is in upper or lower abnormal region. 
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could not be calculated within the mentioned inaccuracy or if they could 
not be measured at all. The latter was the case in subject number 6, for 
which the extensibility across was so high, that the tabs peeled off from 
the skin due to the curvature of the calf. 
All results of the LL experiments are in agreement with the results as 
observed by Jagtman (19Θ3). In all Ε-D patients the ultimate collagen 
stiffness parameter E
c
// and the amsotropy AEC are lowered with 
respect to normal whereas the extensibility of the skin (i.e. μ//) has 
increased. For the young Ε-D patient (subject 4) included in this 
investigation, the comparison with the normal behaviour has to be 
interpreted with care, since the corresponding age group has not been 
studied. Note that the two patients with Ε-D type V have only a slight 
decrease in collagen stiffness in comparison with the other Ε-D types. 
Although a hyper-extensible skin is a known symptom of Ε-D skin, our 
result of increased μ is not trivial. In most reports the 'extensibility' 
of the skin was measured clinically by lifting a fold of skin between two 
fingers. The 'extensibility' observed in such a (very subjective) way is 
not only a function of the mechanical properties of the dermis, but also 
depends on the degree of attachment of the dermis to the underlying tissue, 
which has also changed in the Ε-D syndrome (Jansen, 1955). 
Skin thickness was measured in three subjects: two showing a normal 
thickness, while one subject had a considerably thinner skin. Grahame and 
Beighton (1969) found the thickness of Ε-D skin to be about 75« of the 
normal value. They used, however, a caliper, by which the thickness of the 
Ε-D skin may be somewhat underestimated in comparison to normal, because of 
a lower tethering of the tissue to the subcutis (Jansen, 1955) allowing a 
thinner skinfold. Holbrook et al. (19Θ2) reported that the dermis of 
patients with Ε-D syndrome type I-III is usual of normal thickness. In view 
of this it seems plausible that even if the actual skin thickness in the 
other four subjects had been included, instead of a fixed value, the 
results would have been hardly different from those presented in table 5.9. 
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CHAPTER 6 
NORMAL VALUES FOR THE VOLI*«: DISTENSIBILITY OF TIC LOUER LEG Al» TfC 
CORRELATION WITH THE ELASTICITY PARAMETERS 
6.1. Introduction 
A large number of patients consulting the dermatological department of 
the University Hospital in Nijmegen have complaints which are due to 
disorders in the venous system of the lower leg. Therefore the non-invasive 
quantification of various venous parameters has proven to be a valuable 
tool for diagnosis and therapy evaluations (Kuiper, 1966; van Schalm, 1973; 
Вгаккее et al., 1975; Kuiper et al., 1975). An important parameter is the 
volume distensibility of the lower leg, i.e. the relationship between the 
local venous pressure and the change in volume of the limb which can be 
measured plethysmographically. Since an increase in total limb volume is 
caused by an increase in the volume of the venous vessels, the volume 
distensibility will reflect vessel wall properties. This is supported by 
the fact that temperature changes and farmaca influencing the venous wall 
tone also influence the volume distensibility (Вгаккее and Kuiper, 1974). 
It is, however, not known which properties or components of the venous wall 
play the major role. One of the main objects of this chapter is to provide 
additional information for solving that problem. 
The venous vessel wall is composed of three layers: the intima (inner 
layer), media and adventitia. The intima does not play a role in vessel 
wall mechanics. Media and adventitia have a variable amount of collagen, 
elastin, glycosaminoglycans and smooth muscle. Collagen content is about 
50л FFDW of the internal saphenous vein wall. Elastin content amounts to 
approximately 13л and smooth muscle amounts to 30-40« of the FFDW of this 
vessel (Svejcar et al., 1962; Leu 1971). Collagen and elastin content of 
the venous wall decrease in distal direction while smooth muscle content 
increases. 
In order to investigate the relation between volume distensibility and 
vessel wall properties, one should measure both in the same subject. The 
properties of the vessel wall can be found by measuring the relationship 
between intra-venous pressure and the volume of the vessel (c.q. 
diameter). Such a relationship can then be converted into a stress-strain 
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relationship of the wall. However, in vivo it is impossible to measure, 
non-invasively, the volume (-increase) of a single vessel free from its 
surroundings. The microscope technique of Nachev et al. (1971) is limited 
to superficial veins and reflects 'filling-up' properties rather than wall 
properties of such a vessel. An ultrasonic determination of vessel diameter 
is hampered by the identification of the correct echoes and can only be 
used for the pulsating arterial wall (Hokanson et al., 1970). Hence, the 
venous distensibility cannot be compared directly to the vessel wall 
properties. 
Since, venous vessel wall and skin consist largely of the same basic 
components, it is plausible that their mechanical properties are related. 
This is supported by the fact that for some subjects with (reticular) 
varicose veins, for which collagen and elastin deviations have been 
demonstrated (Svejcar et al., 1963; Zwillenberg et al., 1971; Prerovsky, 
1981), an abnormal increase in the extensibility of the skin has been 
observed (v.d. Molen, 1966; Jagtman, 1983). It has been shown that the 
increase in skin extensibility itself cannot cause (directly) venous 
disorders as vancoses, since skin does not act like an elastic stocking 
for the lower leg (Wijn, 1980; Jagtman, 1983). Hence, an indirect 
comparison between volume distensibility and vessel wall properties seems 
to be made by comparing distensibility and mechanical properties of the 
skin. 
In this chapter the method (section 6.2) and the results of the 
Plethysmographie measurements will be presented (section 6.3), as well as 
the comparison of skin and volume distensibility parameters. The relevance 
of these data will be discussed in section 6.4. 
6.2. The Plethysmographie method. 
A method for the measurement of volume fluctuations based on the 
change in the electrical resistance of a column of mercury as its length 
altered, was described by Glaser already in 1939. Whitney (1953) was the 
first to use this principle in the Plethysmographie measurements of blood 
circulation in the extremities. A practical design for this strain gauge 
plethysmography for routine investigations was developed by Brakkee and 
Vendnk (1966). 
The measurements are performed in a room with a temperature of 
2B-3CPC. The subject lies in supine position with both heels evenly 
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elevated 28 cm above the level of the subject's back with the lower legs in 
horizontal position (angle of the knee joint 10CP or more). Two mercury-
in-rubber strain gauges are placed around the calf. A conical pneumatic 
cuff (width 13 cm) is placed around the thigh. 
After inflation of the cuff to a constant subsystolic pressure p
c
, 
the limb volume increases and ultimately reaches within a few minutes (the 
lower p
c
 the shorter) a maximum value. In that situation, the pressure of 
the accumulated venous blood at the level of the cuff equals the effective 
congestive pressure. The venous pressure p
v
 at the strain gauge level is 
lower than the applied cuff pressure, because of the hydrostatic pressure 
difference (h) and of the effective congestive pressure being generally a 
fraction (g) of the cuff pressure due to the elastic tissue beneath the 
cuff: ρ = qp - h . r
v
 4 t
c 
The factor g, which depends on the width of the cuff and the diameter 
of the thigh can be determined individually if necessary (Kuiper, 1966). In 
our experiments the use of a mean value of 0.8 was satisfactory. 
On instantaneous deflation of the cuff, the limb volume decreases 
until a stable resting volume is reached. The maximal relative volume 
change (—ττ) is measured. This procedure is performed for cuff pressures of 
15, 20, 25, 30, 35, 40 and 50 mmHg, leading to the volume distensibility 
curve or the pressure-volume (p -V) relationship (fig. 6.1). 
Fig. 6.1 
Pressure-volume relation­
ship of the lower leg. 
30 (mmHg) 
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For the parameterization of such a curve a logarithmic relationship was 
used (continuous line in fig. 6.1) 
^- = 1 An (1 + к C 1 0 (pv-10)) , (6.1) 
in which к is the nonlineanty and C,- the compliance of the system at 
a pressure of 10 mmHg (i.e. the slope of the curve at ρ =10 mmHg). 
6.3. Results 
For 42 of the 61 normals (see chapter 5), volume distensibility 
measurements have been performed in addition to the skin elasticity 
measurements. The observed circulatory parameters are listed in table 6.1. 
Both parameters are plotted as a function of age in fig. 6.2 and 6.3. 
parameter 
C10 
к 
median 
P50 
0.124 
49 
qua 
P75 
0.147 
65 
-ti les 
P 2 5 
0.083 
33 
age 
depend. 
_ 
sex 
depend. 
»* 
Table 6.1. Circulatory parameters, compliance C-|Q and non-
linearity k, of 42 subjects. CIQ: « % mmHg"'', 
к: dimensionless. 
It was found that C._ as well as к do not depend on age, but do 
depend on sex. The parameter C l n is significantly lower in females than 
in males, whereas к is significantly higher in females than in males. 
The correlation coefficients between the circulatory parameters and the 
skin elasticity parameters had to be calculated separately in males and 
females, because of the sex dependency of some of these parameters. The 
vascular compliance has been correlated with all skin stiffness parameters 
(LL, HL and 'after' parameters) along and across. The parameter к has been 
correlated with all nonlineanty parameters of the skin. 
The vascular compliance C,- did not show a correlation 
(distribution free) with any of the skin parameters. The nonlineanty к was 
found to have a significant correlation with к ,,, in females, only in the 
along direction (n = 17, Spearman correlation coefficient г = -0.60, 
significance ρ = 0.9л). 
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Fig. 6.2 
Results found on healthy subjects and the normal behaviour of 
C l n for both sexes related to age. 
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Fig. 6.3 
Results found on healthy subjects and the normal behaviour of к 
for both sexes related to age. 
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6.4. Discussion 
It is not clear how the correlation between к and к .,, (in 
sa// 
females only) has to be interpreted. No arguments for a direct causal 
relationship between both parameters can be found. On the contrary, there 
are indications that such a direct relationship does not exist: e.g. no 
correlation existed in males and no correlations were found between those 
parameters in the across direction. Furthermore it is plausible that the 
correlation was induced by the age dependency of both parameters. It was 
found that k-j// showed a decrease with age, while, especially in 
females, к has the tendency to increase with age. For these reasons and 
because к and к ,,, are both difficult to determine accurately, no 
attempt will be made to explain this (negative) correlation. 
From the lack of correlation between C„„ and the elasticity 
10 ' 
parameters one can conclude that the venous compliance does not depend on 
collagen properties alone; it may also depend on other factors. This will 
be discussed further in chapter 7. 
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CHAPTER 7 
GENERAL DISCUSSION 
7.1. Introduction 
In this thesis it was described how the viscoelastic properties of the 
skin can be determined in uniaxial strain measurements. It was found that 
the measured deformation consisted for more than 90л of a purely elastic 
part. 
For the description of this purely elastic behaviour as a function of 
the applied load, a structural model has been introduced based on collagen 
properties. It was found that such a model describes the whole purely 
elastic stress-strain relationship well, while using only three free 
parameters. Parameter values for normals as well as for some patients have 
been given in chapter 5. In the next section (7.2) this model, its 
consequences and interpretations will be discussed in view of the results 
and the morphological data as known in literature. 
The description of the time dependent behaviour has been developed and 
used for the correction of the total skin deformation in order to obtain 
the purely elastic part. Although this description seems to be non optimal 
for a comparison of the time dependent effects in the skin of different 
subjects, there still are reliable results which need a discussion. In 
section 7.3 these results will be discussed and interpreted qualitatively 
in terms of fibre and ground substance properties. In section 7.4 some 
aspects concerning the preconditioning of the skin will be summarized. 
In chapter 6 it was argued that a correlation between skin elasticity 
and volume distensibility (i.e. venous compliance) might be expected. 
However, no correlation could be demonstrated. In section 7.5 an attempt is 
made to explain such a finding. 
In the final section (7.6) some possibilities for further research on 
dermal connective tissue are discussed. 
7.2. The purely elastic behaviour 
The three model parameters describing the purely elastic behaviour can 
be interpreted in terms of collagen properties. Consequently the observed 
values can be compared to data concerning geometry and stiffness of the 
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collagen fibril as they are known from literature. 
The parameter E determines largely the slope of the stress-strain 
curve for high stress values (eq. 4.9). It represents in the model the 
stiffness of the collagen-fraction. Young's moduli for collagen of about 1 
χ 10 8 Nm have been reported (Burton, 1968; Caro et al., 1978). 
Since the volume fraction of collagen in human skin is about 30%, an 
fl —? 
ultimate stiffness of the skin of 0.3 χ 10 Nm could be expected. In the 
present study median values for E were found to be: 
E , , = 0.17 χ IO8 Nm"2 and E ^ = 0.5 χ IO7 Nm"2 
These observed values are in agreement with skin stiffness values as 
found in the in vitro and in vivo studies mentioned in section 5.2.4. 
The difference between the observed values and the expected one may be 
understood because of an unequal involvement of all fibres in the straining 
process; e.g. the difference between the values 'along' and 'across' most 
probably indicates that not all the fibres are aligned in the direction of 
stress. An unequal involvement of the fibres may also originate from the 
fact that the fibres from the mid-dermal region are strained slightly in 
advance of those in the deep zone. This lag behind of the deeper layers, 
which was observed under a microscope by Brown (1973), is different from 
that described in the section on the effective strain (section 3.3.4). For 
this 'effective strain' effect, which arises typically in in vivo 
experiments, a correction has been made. The effect as observed by Brown 
was present (even) in in vitro experiments, and therefore has to originate 
from a different geometry or waviness of the fibres in the two layers. 
Consequently this means that, since the fibrils in the deeper layers are 
not fully straightened, the (mean) waveform and stiffness of the model 
fibril is fitted mainly to the behaviour of the collagen of the papillary 
layer and of the mid-zone. In these layers only a part of the total skin 
collagen is present. Hence, a value of Ε , which is somewhat lower than 
expected when assuming all fibres to be equally involved, is very 
acceptable. 
The parameter CF (eq. 4.6, p. 66) is a typical measure of the corruga­
tion of the fibril and is, in contrast to Ε , independent of the total 
number of fibrils. If a circular cross-section of radius R is supposed for 
the fibril, then Af = π R and I = -$—. Substitution in eq. 4.6 gives; 
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λ
 2 
C F
 = ( ^ -
The wavelength of the collagen fibril in the skin of the human calf amounts 
to about 3μΓη. Combining this value with the observed parameter values 
(CF,, = 200 and CFi = 100) one finds for the mean fibril diameter along the 
main axis of the leg: 120 nm, and across: 200 nm. Such mean diameters are 
reasonable if one considers that the range of diameters observed by 
microscope is from 50 nm to 400 nm (chapter 1). The difference between CF.. 
and CFi needs not to be a result from a different (mean) fibril diameter 
along and across. It is more likely that it results from a different 
wavelength in both directions (see below). 
The parameter μ (eq. 4.6), which is also independent of the number of 
fibrils, can be expressed in the maximal angle of the relaxed waveform with 
1 2 the x-axis (Θ in fio. 4.1): μ = (·=· tq θ ) . From the observed values for 
о ¿о 
μ, one then obtains for θ : 
о 
V/ • ^ and u - ^ 
Again these values are comparable to the morphological data, which give for 
human skin θ = 4(Р (chapter 1). 
Since CF is proportional to the square of the wavelength λ , while 
2 0 
μ is inversely proportional to λ , it is interesting to consider 
their product (cf. eq. 4.6): 
2 
CF Χ μ = ( |) , 
which is independent of the wavelength. 
By a comparison of CF and μ of all normals, no correlation between 
these parameters could be demonstrated. Hence, the ratio of the amplitude 
of the waveform (a) and the mean fibril radius (R) is not the same for all 
subjects. However, there is a significant correlation (p < 0.005) between 
the product CF , , χ μ ,. and Cf± χ μ^. This indicates that at least the ratio 
p- is likely to be independent of the measuring direction. By assuming that 
such an independence is caused by both the amplitude a as well as R being 
independent of the direction, then the difference between along and across 
in the parameters CF and μ is due to a different wavelength. 
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The results as observed on pathological skin (i.e. Ehlers-Danlos 
syndrome (5.5.3)) also are in accordance with known morphological data. 
Electron microscope investigations show a defective lateral aggregation of 
collagen fibrils in the Ε-D skin (Vogel et al., 1979; Sevenich et al., 
19B0). The fibrils show regions, along their length, of dissociation into 
the component filaments (Holbrook et al., 19B2). A lack of adhesion between 
the fibrils was proposed by Jansen (1955) and confirmed by Finley et al. 
(1973) and Hunter et al. (1973). Jackson and Steven (1969) presumed that 
the defect in Ε-D lies in a structural glycoprotein which normally binds 
the fibrils together. Dissociation and a lack of adhesion both imply that, 
along the line of stretching, the total number of fibrils contributing in 
counterbalancing the external force is reduced. Such a reduction is in 
accordance with the observed low skin stiffness. 
For one subject an abnormal CF was demonstrated. This could be the 
result of an increased collagen fibril diameter (Holbrook et al., 1982). 
However, decreased collagen fibril diameters are also reported (Black et 
al., 19Θ0), whereas Pinell (1982) states that the fibril diameters may be 
variable. Possibly due to such a variability in diameter no systematic 
increased or decreased CF-value could be observed. Characteristic for the 
Ε-D skin is the appearance of numerous highly coiled fibres under 
microscope (Finlay and Hunter, 1973). Such an increased amplitude may 
explain the observed increased extensibility (i.e. μ). 
For an additional experimental verification of the model, one should 
consider that in the model collagen properties do not only determine the 
ultimate phase of the stress-strain curve but also the initial part. 
Consequently, parameters describing solely the initial part (e.g. E ., 
к ) have to be related to those reflecting collagen properties. On the 
other hand when following the idea frequently encountered in literature in 
which elastin is thought to be mainly responsible for the beginning of the 
curve, a correlation between collagen parameters and parameters of the 
elastin phase is not necessary. 
In fact the correlations of table 5.7 (p. 86) support our model. Even 
for the LL experiments, which differ from the HL experiments by a number of 
factors as preconditioning, attachment and skin strip dimensions, there 
still exist significant correlations between the parameters. The initial 
stiffness as computed from the model (cf. eq. 4.B, p. 66) is 
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E » = % . (7.1) 
0
 1
 +
 ^H. er 
1+μ 
By comparing this parameter with the initial stiffness E . ('after'), as 
obtained by fitting only six data points with the logarithmic relationship 
(cf. fig. 5.15), it was found that they were almost the same (correlation 
coefficients about 0.9 (along and across)). 
In the description of the normal behaviour the parameters of the 
third loading cycle were used. However, although the differences between 
parameter values of the second, third and fourth response were small, there 
was a significant (Wilcoxon test) increase of all values with the load 
number. The median of the ratios of the stiffness values with respect to 
the third one are about (along as well as across): 
£ , : £ , : £ . = 0.85 : 1 : 1.09 
c2 c3 c4 
For CF a similar increase was noted, while for μ the increase was somewhat 
lower (in both directions): 
μ 2 : μ 3 : μ 4 = 0.95 : 1 : 1.03 . 
Such an increase in ultimate stiffness and extensibility has also been 
observed in rat tail tendon fibrils. Rigby (1964) reported increases of 
about 40я in the linear modulus (corresponding with E ) upon repeated 
loading (up to 1000 times). He attributed such increases to an improved 
orientation of the tendon structure. Vndik (1972) also noted an increased 
extensibility of rabbit tendons, during repeated loading. He concluded from 
microscope observations that after a first loading cycle and subsequent 
preconditioning the fibres had a higher degree of alignment and the 
waviness was more pronounced ('deeper'). In our model an increased 
amplitude indeed means an increased μ. No data are known which explain 
whether the increase in CF arises from an increase in \ or from a 
о 
decrease in fibril diameter. 
At the start of this investigation it was unclear whether or not the 
elastin fibres could play a significant role in the mechanical behaviour of 
human skin. On one hand, it could be calculated (chapter 4), that 
quantitatively the elastin fibres could not have any substantial 
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contribution to the skin stiffness (4.2.1, p. 61). On the other hand, Daly 
(1969) reported that removal of elastin (by elastase) considerably affected 
the results. Although Daly used a method by which also collagen properties 
could have changed, we found in our in vitro experiments on rat skin 
(Oxlund et al., 1986) in which only elastin was removed enzymatically, that 
elastin indeed may play a (minor) role in the very initial phase of 
stretching. However, in the in vivo experiments on diseased skin, as 
presented in this thesis, no deviations from the normal behaviour could be 
demonstrated in an elastin defective skin (PXE), whereas clear abnormal 
parameters were found in a typical collagen defective skin (Ehlers-Danlos 
syndrome). 
Now it is clear to us that the degree of pretension in the skin 
determines the functional significance of elastin. Human skin in vivo is 
considerably pretensioned; already in 1861 Langer found the skin to retract 
when cut from its surrounding. Consequently the elastin phase (phase I in 
fig. 1.1) will be passed in the in vivo experiments and the origin of the 
corresponding in vivo curve may lie in phase II, by which the response to 
even the lowest stresses will reflect mainly collagen properties. 
It is plausible that for other tissues or animal skin the elastin 
fibres do play a role. This could result from a higher elastin fraction in 
that particular tissue or from an increased waviness of the collagen fibril 
which causes a decreased initial (collagen) stiffness. 
7.3. The time dependent behaviour 
The deformation of the skin is not only a function of the applied 
load, but also a function of load duration and interval time. In order to 
obtain the purely elastic (time independent) behaviour in the total 
response, a correction procedure for time dependency has been given 
(section 3.4.3). The effect of such a correction is clearly demonstrated in 
fig. 7.1. Here two stress-strain curves as measured by using two different, 
unusual, loading times (resp. 40s and 4s) are shown before correction 
(40 and 4 ) and after correction (40 and 4 ). Note that the difference 
between the two curves becomes insignificant after that correction. 
Although the description of the delayed elastic process is fair enough 
for the correction, it can hardly be used for a reliable parametnsation. 
It was found that in the majority of cases the parameters of the 
logarithmic description (E . and к ,) could not be determined uniquely. 
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4" 6 («105Nm"2) 
— • stress 
Fig. 7.1 
Stress-strain curves for loading times 4s and 40s, before 
(40" and 4") and after (40"·" and 4*) correction for time 
dependency. 
This description failed not only because the delayed elastic deformation is 
small in respect to the total response, but also because the deformation 
ε. seemed to be independent of stress for high loads. Hence, in 
studying viscoelastic properties another description is necessary. 
There are other indications that a new description for the time 
dependency is needed: the difference between the behaviour 'up' and 'down', 
the independence of the time-constants on stress and their lack of 
variability in normal as well as in diseased skin (Wijn, 1980; Jagtman, 
19B3). Furthermore, in interpreting the parameter η in terms of a coeffi­
cient of viscosity of tissue components, it is strange that such a visco­
sity increases considerably during the application of high loads and de­
creases again during the low, pulse shaped, loads, which are started 40 to 
50 s after the last saw-tooth shaped load (table 5.6a and 5.6b). 
Since it will be of help for the understanding of the tissue's 
behaviour and for the development of a new description, we will now try to 
identify the different parts of deformation with particular tissue 
components. 
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Two processes may be responsible for the time dependent effects in the 
skin, viz. the interaction of the fibres with the ground substance and the 
viscoelasticity of the fibres themselves. 
Wilkes et al. (1983) stated that the time-dependent properties have 
been related to the friction between the fibres and ground substance. 
During loading the ground substance is squeezed through the spaces between 
the fibres, while they are orientating into the direction of stress. During 
unloading the fibres try to reorientate to their original arrangement. 
A number of authors have attempted to ascertain the viscoelastic 
properties of tissue components by choosing a tissue in which one component 
predominates and selectively removing other components. Minns et al. (1973) 
used such an approach in various tissues, while Jenkins and Little (1974) 
investigated the viscoelastic properties of elastin from ligament. From 
both studies one can conclude that the interaction of collagen with the 
ground substance is, at least in part, responsible for the viscoelastic 
properties of connective tissue. 
Gibson and Kenedi (1967) put it more strongly: the elastin fibres act 
like an energy storage and try to pull the collagen back into the original 
situation during the unloading phase. In our experiments on rat skin 
(Oxlund et al., 1986), it was found that removal of elastin caused a 
considerable decrease in the delayed elastic deformation e. , while no 
change was observed in η . 
Since elastin itself is purely elastic (Carton et al., 1962; Goto and 
Kimoto, 1966; Daly, 1969), this delayed elastic deformation e. is 
identified with the small movement of collagen fibres through the 
interstitium. In the 'up' phase the fibres are displaced by external 
forces, while in the 'down' phase the elastin fibres try to displace the 
collagen. Since, during loading the collagen fibres can only be realigned, 
ε will become independent of stress and will show a maximal value. 
The viscoelasticity of the fibres themselves may also play a role. 
Elastin is purely elastic, while collagen exhibits viscoelastic properties 
(Cohen et al., 1976). Unfortunately, no quantitative information is 
available for the time-constant of collagenous tissue. Langewouters (1982) 
deduced from the stress-relaxation curves of tendon as measured by Azuma et 
al. (1971) values for the time constant of 10-20s. 
In experiments with increased unloading times, we found that, besides 
- 115 -
for the first preconditioning phase, no ('permanent') deformation existed 
after about 40s. 
Therefore it seems reasonable to assume that the parameter η , 
deduced from the deformation which remained at the end of the unloading 
period, is related to a delayed elastic process with a time constant of 
about 20з. Consequently η is identified with the viscoelasticity of 
the collagen itself. Such an identification of η is supported by 
results in Ehlers-Danlos patients. In these patients the η values 
almost all showed a more or less decreased value in comparison with the 
normal ones. For some cases this was more pronounced in the HL parameter, 
whereas for others in η (LL). In one case (subject no. 2 in table 5.9, 
p. 9Θ) η (LL) was about 10 times lower than normal. 
7.4. Preconditioning 
Although no 'permanent' deformation per loading cycle was found, after 
preconditioning, in experiments with 40s of unloading periods, it should be 
remarked that after the first high load a permanent deformation (related to 
parameter e ) was observed which was still present 5 minutes after the 
load was switched off. Wilkes et al. (1973) also reports only partial 
recovery of a skin strip (in vitro) on removal of the load. He states that 
this is due to an incomplete return of the fibres to their original 
arrangement. An improved alignment of the fibres after a first stretching 
of unpreconditioned skin has been noticed under a microscope by a number of 
authors: Ridge and Wright (1965), Millington et al. (1969),, Fmlay (1969), 
Millington and Brown (1970), Brown (1973). Craik and McNeil (1965) noticed 
that the fibres remained in their new position. 
For the bulk of fibres to remain orientated after loading, the 
viscosity of the ground substance has to be high. The latter can be deduced 
from Reddy (1981), who showed that when pressuring the skin (up to 200 
mmHg) a steady state is reached for the interstitial fluid pressure (more 
than 100 mmHg). Reddy presumes that a flow of the ground substance from the 
pressurized region would only happen after a few hours. Moreover, a flow 
back after loading will take a long time too, due to a low pressure 
gradient. This can simply be illustrated by pressing a coin for some 
seconds into the skin. An impression of the nm of the coin, where large 
pressures existed, remains for many minutes. 
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7.5. The volumedistensibility 
Basic for our research was the assumption that the volume distensi­
bility of the lower leg reflects partly venous wall distensibility and 
hence mechanical properties of the wall components, especially collagen. 
Since skin elasticity depends also on collagen properties, a correlation 
between venous distensibility and mechanical properties of the skin was 
expected. However, no correlation could be demonstrated between venous com­
pliance (Cln) and any of the skin stiffness parameters (chapter 6). 
Still, there are indications that such a correlation might exist. The 
results of the LL experiments by Jagtman on patients with varicose veins 
showed a decreased initial skin stiffness, indicating that also collagen is 
affected. We have performed some additional measurements on subjects, who 
were selected on basis of their (abnormal) high volume distensibility of 
foot or calf. For three of a total of four subjects a lowered initial skin 
stiffness value was observed in the LL experiments. Two of them had also a 
7 -2 decreased ultimate stiffness (i.e. E ,, = 0.9 χ 10 Nm ) and a slightly 
increased μ,, (about 0.12) while the other parameters seemed to be more 
or less normal. The lowering of skin stiffness in these subjects with 
varices, may be a result of a lowering of the intrinsic collagen stiffness 
or be due to a decreased amount of collagen. The latter seems to be more 
plausible since this has actually been observed in varicose veins (Svejcar 
et al., 1963). On the other hand, Fronek and Fung (1981) observed in their 
experiments on single arteries (in vitro) no direct relationship between 
the mechanical properties of these vessels and the elastin or collagen 
content. 
An explanation for this surprising lack of correlation between C.-
and skin elasticity parameters must probably be sought in two effects. 
It has to be noted that the relation between venous distensibility and 
limb volume distensibility depends on a factor given by the ratio between 
venous volume and limb volume. The inter individual variability of this 
factor, of which little is known, will obscure the expected correlation. 
A second effect originates from the relationship between wall stress 
σ, in a (cylindrical) blood vessel with radius г and wall thickness a, and 
the transmural pressure p: a = — ρ (Laplace law). This means that intenn-
dividual differences in the distribution of the venous system will 
a ' 
result in differences in distensibility. 
- 117 -
In addition to the above-mentioned effects it is still possible that 
at low intra-venous pressures the elastin is also responsible for the 
venous compliance. Indications were found by Jagtman (19B3). He found in 
patients with an abnormal elastin fibre system (Pseudoxanthoma elasticum) 
an increased venous compliance. Van der Berg and Barbey (1976) ascribed 
their observed increase in compliance with age to a loss of elastin fibres 
in the vessel wall. An influence of elastin would also obscure the expected 
correlation. 
7.6. Perspectives 
It has become evident that the purely elastic stress strain relation-
ship has to be interpreted in terms of collagen properties. Furthermore it 
became apparent that the elastin fibres and the ground substance, in inter-
action with the collagen fibres, play a role m the time dependent pro-
cesses of the skin. However, an exact quantification of the time dependent 
properties failed, because of an inadequate (logarithmic) description. 
Hence future investigations should pay special attention to the development 
of a proper characterization of that time dependent behaviour. 
In such studies the investigation of the preconditioning phase may 
also be included. For the description of that phase one should take into 
account, besides the bending and straightening of the fibrils, the initial 
orientation of the fibres and their contribution to the stiffness into the 
direction of stress, as has been done for small deformations by Manschot et 
al. (1982) and for biaxial measurements by Lanir (1979). Also the friction 
between orientating fibres and ground substance must be included. To do 
this, one should start by solving eq. 3.1, the differential equation for a 
damped mass spring system, in which at least the spring constant of the 
skin, but most probably also the coefficient of friction has nonlinear 
characteristics. Because of the complexity of such a system, attention 
could better be focused on the description of the time dependent processes 
solely. 
It is most probable that a realistic description can be achieved by 
assuming thixotropy of the groundsubstance, as was done by Finlay (1978). 
Preliminary results of such an approach, within our laboratory, were very 
promising; e.g. the difference between some 'up' and 'down' parameters was 
understood (Erkelens, 1979). 
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With a correct description of the time dependent processes and with 
the collagen model as presented in this thesis, powerful tools become 
available for diagnosing skin diseases, which are due to collagen, elastin 
or ground substance abnormalities. 
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Summary 
In this thesis a study into the elastic properties of human skin in 
vivo is described. In a previous study (Wijn, 19BQ) such properties have 
been investigated for small deformations (strain of a few per cent). The 
object of the study as described in this thesis was to investigate elastic 
skin properties (also) for large deformations. The reason for this lies in 
the structure and composition of the skin. From a mechanical point of view 
skin consists of stiff collagen fibres and weak elastin fibres, embedded in 
a gel-like ground substance. The elastin fibres constitute about 2% of the 
total skin volume, whereas about 30?ί is taken up by the collagen fibres. In 
the unstrained skin the collagen fibres show a wavy pattern. Because of 
this they are straightened and stretched only by large deformations. For 
this reason it was supposed in previous studies, that the collagen 
contributes to the skin stiffness only in large deformations. Hence skin 
stiffness was attributed to the elastin fibres. 
The present investigation (for large deformations) was initiated in 
order to determine collagen properties and so to complete the mechanical 
picture of the skin. Quantitative data for large deformations were, at 
least for human skin in vivo, not known. 
In the introductory chapter the history and the purpose of this 
investigation is described. 
In chapter 1 a survey is presented of the structure and composition of 
the skin as well as of properties of some skin components. 
One of the properties of skin is that it becomes more difficult to 
stretch with increasing load ('non linearity', fig. 2.1). For the 
description of such a behaviour a mechanical model can be used, which 
preferably is based on the structure of the skin. A survey of such models, 
as presented in literature, is given in chapter 2, after introducing some 
basic concepts of skin mechanics. 
In chapter 3 it is described how, in this study, the elastic 
properties of the skin (of the human calf) for large deformations have been 
determined experimentally. By means of a new developed strain device, by 
which a number of forces of various magnitudes are generated, a small skin 
area is strained via two tabs, which are attached to the skin by a 
cyanoacrylate adhesive. The (non linear) relationship between force and 
elongation in one direction ('uniaxial') is measured. Special attention is 
paid to the conversion of such a relationship into a stress-strain 
- 130 -
relationship. Stress is the force divided by cross-sectional area of the 
skin and strain is the relative increase in length of the piece of skin in 
investigations. Important in the calculation of the strain is the 
correction for the lag of the lower skin layers with respect to the 
surface, where the elongation is measured (fig. 3.7). Another correction 
concerns the time dependent effects in the deformation. Due to the 
viscoelastic character of skin its length increases even after the load is 
kept constant (fig. 2.2). Another consequence of viscoelasticity is that 
skin does not return immediately to its original length when the load is 
removed (see also fig. 3.4). 
In chapter 4 a model for the description of the purely elastic (time 
independent) stress-strain relationship is presented and discussed. The 
collagen is modelled in a planar corrugated fibre, which is deformed and 
stretched by an external force (fig. 4.1). For low loads (c.q. small 
deformations) the counterbalancing forces mainly result from bending, 
whereas for high loads the wave form disappears and the stretch of the 
material itself is important in the counterbalance of the external 
stresses. This process is described by three parameters, which are related 
to the geometry and to the material properties of the corrugated fibril. 
The role of elastin is neglected in this model. 
The model is used in chapter 5 for the description of the results in 
61 healthy subjects of both sexes and of various ages (table 5.1). In 
nearly all cases the model was found to describe well the results over the 
whole range of deformations (e.g. fig. 4.2). This applies to both the 
strain experiments along the main axis of the leg (maximal strain 10л to 
205Ó) as well as to the direction across (40% to 60% strain). Normal values 
of the model parameters were determined as well as their dependency on age 
and sex (fig. 5.1-5.7). These normal values have been used as a reference 
frame for the results as obtained in some patients (table 5.θ and 5.9). In 
the same chapter it is indicated that the extensibility of skin may be 
influenced by seasonal changes (fig. 5.16), by which a change is induced in 
the hydration state of the stratum corneun (fig. 1.1). 
An important motivation for the present investigation (see also the 
introductory chapter) was the possible link between elastic properties of 
the skin and of the venous vessel wall. Such a link was supposed to exist 
since also vessel wall properties are determined by the collagen and 
elastin fibres. Vessel wall properties cannot be measured (non invasively) 
directly. However, the venous vessel wall is, partly, a determinant for the 
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relationship between pressure in the veins and the volume increase of the 
lower leg ( 'distensibility ' ), a relationship (fig. 6.1) which can be 
measured plethysmographically. Hence, it is attempted to demonstrate the 
mentioned link by a comparison of skin elasticity parameters and 
distensibility (chapter 6). The expected correlation was however not found 
in the group of normal subjects. This is especially so surprising since in 
some individuals with a strongly deviating distensibility clearly abnormal 
skin parameters were measured. The inability to demonstrate a (significant) 
correlation is presumably caused by large intermdividual differences in 
relative venous volume and in wall thickness-diameter ratios. 
The results of the strain measurements are discussed in chapter 7. The 
model as used was found to describe well the elastic properties of the 
skin for the whole range of deformations. Moreover, the results can be 
interpreted in terms of collagen fibre properties as: stiffness, waveform 
and fibril diameter. The computed values agree satisfactorily with 
literature data. Since the collagen model is also adequate for the 
description of small deformations, the contribution of elastin to skin 
stiffness can be neglected. This view is supported by the findings in some 
patients with typical elastin or collagen defects. Elastin (in interaction 
with the ground substance) plays apparently a role in the time dependent 
behaviour of the skin deformation further research is necessary. 
In summation one can say that the elastic properties of human skin in 
vivo are mainly determined by the collagen. This applies to both large as 
well as small deformations. For small deformations the waveform of the 
collagen fibres play an important role in the stiffness of the skin, 
whereas for large deformations the stiffness of the collagen itself is the 
dominating factor. 
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Samenvatting 
In dit proefschrift wordt een studie naar de elastische eigenschappen 
van de intacte menselijke huid ('in vivo') beschreven. In een voorgaand 
onderzoek (Wijn, 1980) zijn dergelijke eigenschappen onderzocht voor kleine 
vervormingen (rek van enkele procenten). De opzet van het onderzoek, zoals 
beschreven jn dit proefschrift, was de elastische eigenschappen van de huid 
(ook) bij grote vervormingen te onderzoeken (rek van enkele tientallen pro­
centen). De reden hiervoor ligt in de structuur en de samenstelling van de 
huid. Vanuit mechanisch oogpunt bezien, bestaat de huid uit stugge colla­
geenvezels en zeer gemakkelijk rekbare elastine vezels, die zijn omgeven 
door een gel-achtige grond substantie. De elastine vezels nemen zo'n 1% van 
het totale huidvolume in, terwijl ca. ЗО"» wordt ingenomen door de collageen 
vezels. In de met gerekte huid vertonen deze collageen vezels een golf-
vormig karakter, waardoor ze pas bij grote vervormingen worden recht 
getrokken en uitgerekt. Daarom werd in voorgaande studies aangenomen dat 
collageen een bijdrage levert aan de huidstugheid alleen voor grote 
deformaties. Zodoende werd voor kleine deformaties de huidstugheid 
toegeschreven aan de elastine vezels. Het huidige onderzoek (naar grote 
huidvervormingen) werd opgezet teneinde collageen eigenschappen te meten en 
daarmee het mechanische beeld van de huid te completeren. Quantitatieve 
gegevens over grote huidvervormingen, althans voor de menselijke huid in 
vivo, waren met bekend, 
In het inleidende hoofdstuk worden de historie en het doel van dit on­
derzoek beschreven. 
In hoofdstuk 1 wordt nader ingegaan op structuur en samenstelling van 
de huid, alsmede op eigenschappen van enkele huidcomponenten. 
Eén van de eigenschappen van de huid is dat deze steeds moeilijker 
rekbaar wordt bij toenemende belasting ('met lineanteit ' ; fig. 2.1). Voor 
de beschrijving van een dergelijk gedrag kiest men meestal een mechanisch 
model, al of niet gebaseerd op de huidstructuur. Een overzicht van zulke 
modellen, zoals gepresenteerd in de literatuur, wordt gegeven in hoofdstuk 
2, nadat eerst enkele algemene begrippen uit de huidmechamca zijn geïntro-
duceerd. 
In hoofdstuk 3 wordt beschreven hoe in dit onderzoek, de elastische 
eigenschappen van de huid (van de kuit) voor grote vervormingen experimen-
teel zijn bepaald. Met een speciaal hiervoor ontwikkeld rekapparaat (fig. 
3.1 en 3.3), waarmee een aantal in grootte variërende krachten kunnen 
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worden gegenereerd, wordt een klein huidgebied via twee op de huid geplakte 
meetvoetjes gerekt. De (niet lineaire) relatie tussen kracht en rek in één 
richting ('uni-axiaal') wordt gemeten. Speciale aandacht is besteed aan het 
herleiden van een dergelijke relatie tot een stress-strain relatie. Hierbij 
is stress: de kracht per dwarsoppervlakte van doorsnede van de huid, en 
strain: de relatieve lengteverandering van het betreffende stukje huid. Een 
belangrijk punt voor de berekening van de strain is de correctie voor het 
achterblijven van de onderste huidlagen ten opzichte van het oppervlak, 
waar de rek wordt gemeten (fig. 3.7). Een andere correctie betreft de 
tijdsafhankelijke effecten in de vervorming. Door het viscoelastische 
karakter van de huid neemt namelijk de lengte toe ook nadat de kracht 
constant gehouden wordt (fig. 2.2). Een ander gevolg daarvan is dat de huid 
niet onmiddellijk terug komt naar zijn oorspronkelijke lengte nadat de 
belasting is beëindigd (zie ook fig. 3.4). 
In hoofdstuk 4 wordt een model voor de beschrijving van de puur elas-
tische (d.w.z. tijdsonafhankelijke) stress-strain relatie gepresenteerd en 
toegelicht. Het collageen wordt gemodelleerd als een vlakke gegolfde vezel, 
welke onder invloed van een uitwendige kracht wordt vervormd en uitgerekt 
(fig. 4.1). Bij kleine belastingen (c.q. vervormingen) worden de reactie-
krachten gevormd door buigkrachten, terwijl bij grote belastingen de golf-
vorm verdwijnt en de rek van het materiaal zelfbelangrijk wordt. Het gehele 
proces wordt beschreven door drie parameters, die samenhangen met de 
geometrie en de materiaaleigenschappen van de gegolfde vezel. De rol van 
elastine wordt in dit model verwaarloosd. 
Het model wordt in hoofdstuk 5 gebruikt voor het beschrijven van de 
meetresultaten bij 61 gezonde proefpersonen van beide geslachten en van 
verschillende leeftijden (tabel 5.1). In nagenoeg alle gevallen blijkt het 
model, over het gehele gebied van vervormingen, de resultaten goed te 
kunnen beschrijven (cf. fig. 4.2). Dit zowel voor rekexperimenten in de 
lengterichting van het been (maximale rek 10% tot 205Í) als voor experimen-
ten in de dwarsrichting (40Ä tot 60%). Van de modelparameters zijn de nor-
maalwaarden bepaald alsmede hun afhankelijkheid van leeftijd en geslacht 
(fig. 5.1 t/m 5.7). Deze normaalwaarden zijn gebruikt als vergelijkings-
materiaal voor resultaten verkregen bij enkele patiënten (tabel 5.8 en 
5.9). Verder wordt in dat hoofdstuk aangegeven dat de rekbaarheid van de 
huid beïnvloed kan worden door seizoensveranderingen (fig. 5.16), waardoor 
er veranderingen optreden in de vochtigheidstoestand van de hoornlaag 
(stratum corneum, fig. 1.1). 
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Een belangrijke motivatie voor het huidige onderzoek (zie ook het in­
leidende hoofdstuk 0) was de mogelijke samenhang tussen de elastische 
eigenschappen van de huid en die van de veneuze vaatwand. Zo'η samenhang 
mocht worden verwacht, daar ook voor de vaatwand elastine en collageen het 
mechanische gedrag bepalen. Vaatwandeigenschappen kunnen met rechtstreekt 
(non-mvasief) worden gemeten. Echter de vaatwand is, voor een deel, be­
palend voor de relatie tussen de druk in de aders en het volume van het 
onderbeen (distensibiliteit), een relatie (fig. 6.1) welke plethysmogra-
fisch kan worden gemeten. Daarom wordt gepoogd de samenhang aan te tonen 
door huidparameters en distensibiliteit met elkaar te vergelijken (hoofd­
stuk 6). De verwachte samenhang werd echter in het bestand van normale 
proefpersonen niet gevonden. Dit is vooral verrassend omdat wel bij enkele 
individuen met een sterk afwijkende distensibiliteit ook abnormale elasti-
citeits parameters zijn gevonden. Vermoedelijk wordt het met kunnen aan­
tonen van een (significante) samenhang veroorzaakt door sterke inter-indi-
viduele verschillen in het relatief veneus vaatvolume en in wanddikte dia­
meter verhoudingen. 
De resultaten van de rekmetingen worden bediscussieerd in hoofdstuk 
7. Het gehanteerde model blijkt de elastische huideigenschappen goed te 
kunnen beschrijven over het gehele gebied van vervormingen. Bovendien 
kunnen de resultaten worden geïnterpreteerd in termen van eigenschappen van 
de collageenvezela zoals: stugheid, golfvorm en vezeldikte. De berekende 
waarden vertonen daarbij een bevredigende overeenstemming met literatuurge-
gevens. Omdat de modelbeschrijving ook voor kleine vervormingen goed vol-
doet, moet de bijdrage van elastine aan de huidstugheid als verwaarloosbaar 
worden beschouwd. Deze visie wordt ondersteund door bevindingen opgedaan 
bij enkele patiënten met typische elastine of collageen afwijkingen. Elas-
tine in interactie met de grond substantie lijkt wel een rol te spelen in 
het tijdsafhankelijke gedrag van de huid. Voor een correcte quantificenng 
van dit gedeelte in de huidvervorming is nader onderzoek noodzakelijk. 
Samenvattend kan men zeggen dat de elastische eigenschappen van de 
menselijke huid in vivo voornamelijk worden vastgelegd door het collageen. 
Dit geldt zowel voor grote als ook voor kleine vervormingen. Bij kleine 
vervormingen speelt de golfvorm van de collageenvezels een belangrijke rol 
in de huidstugheid, terwijl voor grote vervormingen de stugheid van het 
collageen zelf de overheersende factor is. 
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STELLINGEN 
behorende bij het proefschrift 
THE MECHANICAL PROPERTIES OF HUMAN SKIN IN VIVO 
1. Er is geen 'elastine-fase' in de puur elastische stress-strain relatie 
van de menselijke huid in vivo; het collageen is bepalend voor de 
huidstugheid, zowel voor grote als kleine deformaties. 
2. De elastine vezels spelen een rol in het tijdsafhankelijke gedrag van 
de huidstugheid. 
3. Het watergehalte van de hoornlaag kan de mechanische huideigenschappen 
meetbaar beïnvloeden. 
4. De door Jagtman et al. bij personen met (reticulaire) varices gevonden 
verlaagde huidstugheid en normale volumedistensibiliteit duiden erop 
dat het hier een gegeneraliseerd collageen defect betreft hetgeen 
beter in huidelasticiteitsmetingen wordt gereflecteerd dan in volume-
dist ensibiliteitsmetingen. 
Jagtman et al. (1985), VASA, IA, 2, 118-120. 
5. De aanname van Barbenel et al. dat de huid in torsie-experimenten kan 
worden beschouwd als een homogeen, elastisch membraan is onjuist. De 
waarde van hun daaruit voortvloeiende aanbevelingen tot standaardi-
satie van het in vivo meten van mechanische huideigenschappen dient 
daarom ernstig te worden betwijfeld. 
Barbenel et al. (1981), Bioeng. and the Skin, ¿, 1, 8-39. 
Mansohot (1980), Afstudeerverslag, K.U. Nijmegen. 
6. De term 'veneuze capaciteit' wordt bij volumedistensibiliteitsmetingen 
over het algemeen ten onrechte gebruikt. Beter is het te spreken over 
'veneuze compliantie'. 
7. Menselijke intelligentie kan, mede door de zeer lage elasticiteits-
3 -2 
modulus van hersenweefsel (ca 2 χ 10 Nm ), gezien worden als een 
zeer rekbaar begrip. 
Θ. Gezien de vele niet afbreekbare chemische verbindingen is het soms 
beter om in plaats van scheikunde te spreken over schei-onkunde. 
9. Onderzoekers aan wetenschappelijke instellingen die genoegen nemen met 
lagere salarissen dan in het bedrijfsleven zouden beloond moeten 
worden. 
10. Werkbezoeken aan andere (buitenlandse) laboratoria zijn, doordat een 
grondige uitwisseling van ideeën en problemen mogelijk is, zeer waar-
devol en dienen meer dan gebruikelijk gestimuleerd te worden. 
11. Financiële afhankelijkheid verleidt veel mensen tot het afschuiven van 
hun individuele verantwoordelijkheden t.o.v. mens en dier. 
12. De rokerige omgeving waarin meestal gebiljart moet worden, heeft een 
ongezonde invloed op de biljartsport in het algemeen en op de biljar-
ter in het bijzonder. 
13. Belangrijke politieke en religieuze leiders zijn over het algemeen 
niet zeer jeugdig. Daar de huiddikte afneemt met de leeftijd is het, 
in tegenstelling tot wat wel eens wordt gesuggereerd, onwaarschijnlijk 
dat het hebben van een dikke huid een belangrijke voorwaarde voor hun 
leiderschap is. 
Nijmegen, October 1985 
Jan Manschot. 


